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Abstract 



We analyzed Gl accumulation induced by the iron chelator deferoxamine B mesylate (DFO) compared it with that 
caused by etoposide and cytosine arabinoskle (AraCX The results showed that P 53 protein increased with all three 
treatments without an increase in p53 mRNA. After treatment for 3 or 6 h, p21 mRNA increased with 10 DFO to 159% 
or 556% of pretreatment levels, to 509% or 391% with 10" 5 etoposide, and to 263% or 304% with 10" AraC Induction of 
P 2 1 protein was not observed with fluorescence activated cell sorting and Western blot analysis after treatment with DFO or 
AraC. Treatment with DFO did not cause any change in levels of CDK4 mRNA or protein, whereas etoposide orAraC 
treatment did diminish CDK4 protein. Enzyme linked immunosorbent assay for pRB and its phosphorylation, which reflects 
CDK4 activity, revealed that treatment with DFO did not change the amount of pRB or the phosphorylation status. Results 
of this investigation show mat the mechanism of Gl accumulation induced by DFO involves a p53-mdependent pathway 
and mat expression of p21 protein may be regulated r^stdanscriptionally. © 1 997 Elsevier Science B.V. 
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1. Introduction 

The iron chelator deferoxamine B mesylate (DFO) 
is known to inhibit DNA synthesis and cell prolifera- 
tion both in vitro and in vivo [1-31 DFO is generally 
thought to inhibit the iron-requiring enzyme ribonu- 
cleotide reductase, thereby altering the supply of 
deoxyribonucleotides and decreasing DNA* synthesis 
[1]. Growth inhibition by DFO has been repotted at 
different points of the cell cycle, as shown by accu- 
mulation at die Gl-S [4-6] and the G2M phases [7,8]. 



* Corresponding author. Fax: (81-3) 3788-4927; E-mail: 



Cellular responses differ with cell type and DFO 
concentration. These observations suggest that more 
than one point of the cell cycle is sensitive to DFO. 

We have reported that treatment with DFO causes 
growth inhibidon, as reflected by Gl accumulation 
and apoptosis, in the human myelocytic leukemia cell 
lines HL-60 and ML-1 [9,10]. In ML-1 cells, Gl 
accumulation and accumulation of the tumor suppres- 
sor gene product p53, are observed 6 h after DFO 
treatment [10]. The increased levels of p53 protein 
enhances expression of p21 mRNA, a target for p53 
[10]. Growth is inhibited by DFO immediately after 
treatment as with such DNA-damaging agents as 
gamma irradiation and antitumor agents [10-15]. Ac- 
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cordingly, the growth inhibition by DFO may involve 
regulation of cell-cycle checkpoints, as with DNA- 
damaging agents, but is unlikely to be due to a 
decrease in DNA synthesis [12-151. 

Progression through the Gl-S checkpoints requires 
phosphorylation of Rb protein (pRB) by D-type cy- 
clin-cyclin-dependent kinase 4 (CDK4) and cycfin 
E-CDK2 complexes [16-18]. Several CDK inhibitors 
(CDHs), such as p21, p^ 4 *, and plS 1 ^ 4 *, have 
been shown to bind to this complex and inhibit its 
kinase activity [19]. p53 protein accumulates in re- 
sponse to DNA damage and plays an important role 
in cell growth inhibition by inducing p21 transcrip- 
tion, inhibiting activity of proliferatung-cell nuclear 
antigen, and blocking translation of CDK4 [19,20]. 

Analysis of the mechanism by which DFO inhibits 
growth is important for the further use of DFO as an 
antiproliferative agent. In this investigation, we ana- 
lyzed the p53 sequential cascade by exaniining ex- 
pression of p21 and CDK4 mRNA and protein and 
the phosphorylation status of pRB after DFO treat- 
ment in ML-1 cells. We then compared these results 
with those after treatment with a typical DNA- 
damaging agent etoposide, and with those of the 
antimetabolite cytosine arabinoside (AraC). 



2. Materials and methods 

2.7. Cell culture 

ML-1 cells, supplied by the Health Science Re- 
search Resource Bank (HSRRB), were cultured in 
RPMI 1640 containing 10% fetal calf serum. Defer- 
oxamine B mesylate (M r 656.8) was obtained from 
Ciba-Geigy, Basel, Switzerland. Etoposide and AraC 
were purchased from Sigma (St Louis, MO, USA), 

22. Flow cytometric assay 

Cells were fixed with 4% paraformaldehyde for 20 
min, washed, then incubated with 1 |tg/ml of and- 
p53 monoclonal antibody (DO-7, DAKO, Glostrup, 
Denmark), anti-p21 monoclonal antibody (2G12, 
PharMingen, San Diego, CA, USA) or anti-CDK4 
polyclonal antibody (4802, PharMingen) for 1 h on 
ice. After washing, cells were incubated with fluores- 
cein isothiocyanate^conjugated goat anti-mouse Ig (for 



monoclonal antibodies) or anti-rabbit Ig (for poly- 
clonal antibody) for 30 min on ice, washed, stained 
with 50 Jig/ml propidium iodide, then analyzed with 
a FACScan flow cytometer (Becfcon Dickinson, Sun- 
nyvale, CA, USA). 

2J. RNA extraction and Northern blot analysis 

RNA extraction and Northern blot hybridization 
were performed as described previously [10]. p53 
cDNA (supplied by HSRRB), p21 cDNA (provided 
by Dr. Noda, Meiji Cell Technology Center, Japan), 
CDK4 cDNA, and p-actin DNA were labeled with 
digoxigenin by the random primer method [21]. CDK4 
cDNA was generated by a reverse transcription poly- 
merase chain reaction using total RNA from the 
normal human fibroblast cell line W138 (supplied by 
HSRRB) as a template and the following primers: 
forward primer, 5' TCTG AG AATGGCTACCTCTC- 
G3'; reverse primer. 5'AGCCAACACTCCACATGT- 
CC3'. A PGR product of 611 bp was cloned into 
pT7Blue (Novagert Madison, WI> USA). The cloned 
DNA was thai confirmed as representing a partial 
CDK4 cDNA for comparison with its expected size 
of 61 1 bp and its sequencing analysis. The level of 
expression was normalized by comparison with fi- 
actin mRNA levels. Experiments were repeated three 
times independently, and similar results were ob- 
tained. 

2.4. Western blot and EUSA 

Cells (1 X 10 7 ) were lysed in I ml of lyse buffer 
(0.05 M Tris-HCl, pH 8.0, 0.15 M NaCl, 0.1% 
Nonidet F-40, 0.01 M EDTA, 0.05 M NaF, 0.01 M 
sodium orthovanadate, 2 [ig/ml aprotinin, 2 p.g/ml 
teupeptin, and 5 ng/ml PMSF). After incubation on 
ice for 30 min, the lysate was clarified by ultracen- 
trifugation at 30000 rpra for 30 min at 4 a C. The cell 
lysate was immunoprecipitated with a specific anti- 
body, after which the precipitate was separated by 
SDS polyacrylamide gel electrophoresis and blotted 
to an Hybond N+ membrane (Amershamu Amer- 
sham, UK), and men subjected to Western blot analy- 
sis using ami-p53 monoclonal antibody (DO-7, 
DAKO), anti-p21 monoclonal antibody (2G12, 
PharMingen), anti-CDK4 polyclonal antibody (4802, 
PharMingen), anti-pRB monoclonal antibody (G99- 
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73, PharMtngen), or anti-phosphorylated serine and 
anti-phosphorylated threonine polyclonal antibodies 
(Zymed Laboratories, San Francisco, CA, USA). En- 
zyme-linked immunosorbent assay (ELISA) to quan- 
tify pRB and the phosphorylation status of pRB was 
performed as follows. Polystyrene beads were coated 
with an anti-pRB monoclonal antibody that recog- 
nizes an epitope between amino acids 240-384 of 
human pRB (G99-73, PharMingen) in 0.1 M phos- 
phate (pH 7.0). Antibody-coated beads were incu- 
bated with 50 \tg of cell iysate in 0.1 M phosphate 
(pH 7.0), 0.1 M NaCl, and 1% BSA at 4°C for 8 h. 
After washing with wash buffer (0.1 M phosphate 
(pH 7.0) and 0.1 M NaCl), the beads were incubated 
with a rabbit anti-pRB polyclonal antibody that rec- 
ognizes an epitope between amino acids 914-928 of 
human pRB (Ab-2, Oncogene Science, Uniondale, 
NY. USA) or rabbit anti-phosphorylated serine and 
anti-phosphorylated threonine polyclonal antibodies 
(Zymed Laboratories) in 0.1 M phosphate (pH 7.0), 
0.5 M NaCl and 1% BSA for 1 h on ice. After 
washing with wash buffer, the beads were incubated 
with horseradish peroxidase-conjugated anti-rabbit 
IgG in 0.1 M phosphate (pH 7.0), 0.1 M NaCl and 
t% BSA for 1 h on ice. For chemiluminescent detec- 
tion, 200 of substrate, ECL solution (Amersham) 
was added to each bead, after which chemilumines- 
cence was measured with Luminescence Reader 
(Aloka, Japan). To quantify the amount of pRB. 
recombinant pRB (QED Bioscience, San Diego, CA, 
USA) was used for the standard assay. 



3. Results 

11. G J accumulation with DFO treatment 

To determine the optimal concentrations of DFO, 
etoposide, and AraC for growth inhibition, we added 
10"* to 10" 3 M of DFO, etoposide, or AraC to 
ML-1 ceils in the exponential growth phase, then 
monitored their growth with a flow cytotneter after 1 
to 9 h of incubation. With 10"* M DFO, 10 5 M 
etoposide and 10" 5 M AraC, cell growth was inhib- 
ited 3 h after the start of treatment and Gl accumula- 
tion became apparent 6 h treatment. 

Analysis of DN A histograms after 6 h of treatment 
showed that 54% of cells treated with 10~ 4 M DFO 



accumulated in the Gl phase, while in untreated cells 
the proportion of Gl phase cells was 30%. Treatment 
with 10" 5 M etoposide caused an increase in the 
number of cells in the S phase (66%), and treatment 
with AraC caused an increase in the number of cells 
in the Gl phase (47%) (Fig. 1A). Gl accumulation 
became apparent on the DNA histogram after 48 h of 
treatment with 1(T 4 M DFO (Fig. IB). To analyze 
the early cellular response, we used the above-stated 
concentrations and the incubation periods of 3 and 6 
h for the following experiments. 

32. P53 expression 

How cytometric analysis revealed that p53 protein 
expression increased after 6 h of treatment with DFO, 
etoposide, or AraC (Fig. 1A). To confirm that the 
data from FACS, we examined p53 protein expres- 
sion with Western blot analysis. Enhanced p53 pro- 
tein bands were detected in lysates of cells treated 
with DFO, etoposide, or AraC (Fig. 2A). The data 
from FACS and Western blot analysis were well 
correlated. The levels of p53 mRNA as determined 
by Northern blot analysis demonstrated that the 
mRNA level remained almost unchanged after 3 to 6 
h of treatment with DFO, etoposide, or AraC (Fig. 
3A). 

iJ. P2I expression 

To determine whether the p53 growth inhibition 
cascade (p53 induction of p21 expression, with p21 
inhibiting cyclin-CDK kinase activity, which reduces 
Rb phosphorylation) is involved in DFO-induced Gl 
accumulation, we examined the expression of p21 
mRNA and protein. As shown in Fig. 3B, after 
incubation for 3 h, the level of p21 mRNA increased 
significandy with 10" 5 M etoposide (509% of levels 
in untreated cells) and increased to some extent with 
10" 4 M DFO (159%) and UT 5 M AraC (263%). 
After incubation for 6 h, p21 mRNA levels increased 
markedly with all three treatments: 556% with 10 
M DFO, 391% with 10" 5 M etoposide, and 304% 
with 10" 5 M AiaC. The expression of p21 protein 
showed a marked increase after etoposide treatment 
for 6 h (Fig. 1A). Although mRNA expression was 
enhanced after treatment with DFO or AraC for 3 and 
6 h, p21 protein expression remained at the level of 
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Fig. 2. Western blot analysis of p53 and CDK4. Cells were 
harvested 6 h after the addition of 10~ 4 M DFO, 10~ 5 M 
etoposide, or KT 5 M AiaC and lysed with 1% KP40. Cell 
lysates were immunopreripitated with anti-p53 monoclonal anti- 
body or anti-CDK4 polyclonal antibody. Hie precipitates were 
electrophorcscd in 10% in 20% SDS-PAGE. transferred to Hy- 
bond N+ membrane, then probed with anli-p53 monoclonal 
antibody (A) or anri-CDK4 polyclonal antibody (B). UT: un- 
treated, DFO: deferoxamine, Etop: etoposide. 

untreated cells (Fig. 1A). To determine whether p21 
protein increased transiently widi DFO or AraC, we 
also examined other time points. No increase in p21 
protein was detected after incubation for 1 to 12 h 
(data not shown). 

It is possible that FACS failed to detect the p21 
protein in the fonn of cyclin-CDK complex after 
paraformaldehyde fixation. To confirm that p21 pro- 
tein synthesis is enhanced only after treatment with 
etoposide, we conducted Western blot analysis of cell 
lysates. First to detect the p21 protein in a cyclin- 
CDK4 complex, the cell lysate was immunoprecipi- 
tated with anti-CDK4 polyclonal antibody, after which 
the precipitate was probed with anti-p21 monoclonal 
antibody. Second, to detect p21 protein in any com- 
plexed form, the cell lysate was treated with 0.01% 
SDS and 0.1% sodium deoxycolate to dissociate the 
complex, immunoprecipitated with anti-p21 mono- 
clonal antibody, then probed with anti-p21 mono- 
clonal antibody. The protein product of p21 was 
observed in the lysate of only etoposide-treated cells 
(Fig. 4). 



3.4. CDK4 expression 

CDK4 is one of the most important factors control- 
ling progression through the Gl checkpoint Since 
DFO treatment causes GL accumulation, we have 
examined the involvement of CDK4 in this process. 
To identify the level of regulation of CDK4 by DFO, 
we analyzed CDK4 mRNA and protein expression. 
CDK4 mRNA levels were not affected by treatment 
with DFO, etoposide, or AraC for 3 or 6 h (Fig. 3C), 
indicating that transcriptional regulation was not oc- 
curring. The CDK4 staining pattern showed thai 
CDK4 protein expression after treatment with DFO 
was similar to that in untreated cells (Fig. 1A). After 
treatment with etoposide or AraC, CDK4 expression 
of Gl-phase cells was similar to that of untreated 
cells and decreased in phases S through G2M (Eg. 
1A). We further examined the CDK4 protein expres- 
sion with Western blot analysis. The intensity of the 
CDK4 protein band correspond to the FACS data 
(Fig. 2B). 

3.5. pRB phosphorylation status 

To investigate CDK4 function, we examined the 
phosphorylation status of pRB. On Western blot anal- 
ysis, phosphoiylated pRB appeared as a more slower 
migrating band, and unphosphorylated pRB appeared 
as a more quickly migrating band, similar to that 
obtained from a confluent WI38 cell lysate (Fig. 5A) 
[22]. After 6 h of treatment phosphorylated and 
unphosphorylated pRB bands were observed in lysates 
from both untreated and DFO-treated cells. With 
etoposide treatment the band appeared between the 
phosphorylated and unphosphorylated pRB bands 
(Fig. 5A). To confirm that more slowly migrating 
band represented phosphorylated pRB, anti-pRB im- 
munoprecipitates were subjected to Western blot 
analysis with anti-phosphorylated serine and threo- 
nine antibodies. Only more slowly migrating bands 
were detected with these antibodies (Fig. 5B). 



Fig. 1. Flow cytometric analysis of deferoxiunine-trcated cells. (A) Cells were harvested after 6 h of treatment DNA histograms were 
analyzed after ML-1 cells were stained with propidium iodide, as described in Section 2. The expression of p53, p21, and CDK4 was 
analyzed with monoclonal antibodies against p53 and p21 and polyclonal antibody against CDK4, as described in Section 2. Blank: 
preimmune mouse IgG for p53 and p21 detection or pteiromune rabbit serum for CDK4 detection was used as the first antibody. (B) 
DNA histogram of ML-1 cells after 48 h of treatment with 10"* M DFO. UT: untreated, DFO: deferoxamine, Etop: etoposide. The data 
are representative of three separate experiments. 
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Fig- 3. Northern blot analysis. Total RNA was extracted from 
ML-1 cells 3 or 6 h after the addition of 10~ 4 M DFO, HT 5 M 
stoposide, or 10~ 5 M AraC. Twenty micrograms of total RNA 
were electrophoresed on formaldehyde agarose gel, transferred to 
Hybond N+ membrane, and hybridized with dtgnxigenin-iabeled 
probes. (A) p53, (B) p21, (C) CDK4. The level of expression was 
normaJixcd by comparison with fr-actin. 



To quantify die precise level of pRB and the 
phosphorylation status of pRB at the serine and thre- 
onine residues, we constructed an ELISA system 
using chemiluminescent detection. Table 1 summa- 
rizes the ELISA data obtained from four independent 
experiments, each of which was performed with du- 
plicate samples. The amount of pRB was calculated 
from the standard assay. The amount of pRB of 9.70 
ng/100 p,g cell lysate of untreated cells did not 
change after 6 h of treatment with DFO, 10.66 ng t 
and decreased markedly after 6 h of treatment with 
etoposide, 2.61 ng, or AraC, 3.32 ng. 




Fig. 4. Western blot analysis of p21 protein. Ceils were harvested 
6 h after the addition of 10" 4 M DFO, 10" 5 M etoposide, or 
1CT 5 M AraC and lysed with 1% NP40. (A) Cell lysates were 
inununoprecipitated with anti-CDK4 polyclonal antibody, then 
electrophoresed on 10% to 20% SDS-PAGE. (B) Cell lysates 
were immunoprecipitated with anti-p21 monoclonal antibody af- 
ter treatment with 0.01% SDS and 0.1% sodium deoxycoiate, 
then electrophoresed on 10% to 20% SDS-PAGE. The mem- 
branes were probed with anti-p21 monoclonal antibody* (C) cell 
iysateO, UT: untreated, D: deferoxamine, E: etoposide Ai AraC. 



The level of phosphorylation was calculated as the 
ratio of cbemiluminescence value (KCOUNT) ob- 
tained by anti-phosphorylated serine and threonine 
antibodies to the chemiluminescence value obtained 
by anti-pRB antibody, which indicates the amount of 
pRB. The phosphorylation level did not change after 



WI38 UT DFO Etop AraC 
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Fig. 5. Western blot analysis of pRB. Cell lysates were prepared 
6 h after the addition of 10~ 4 M DFO, 10 -5 M etoposide, or 
10~ 5 M AraC Cell lysates were immunoprecipitated with and- 
pRB monoclonal antibody, and the precipitates were elec- 
trophoresed with 7.5% SDS-PAGE, transferred to Hybond N + 
membrane, and probed with anti-pRB monoclonal antibody (A) 
or anti-rAosphorytated serine and Threonine (B). Confluent WD8 
cells were used as a control for growth arrest The data are 
representative of three separate experiments. UT: untreated, DFO: 
deferoxamine, Etop: etoposide. 
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Table 1 

ELISA data obtained from four independent experiments 



Exp. 1 



Exp. 2 



Exp. 3 



Exp. 4 



Mean 



S.E. 



Anti-pRB (KCOUNT/ 20 s) 
UT 3a40 
DFO 35.80 
Etoposide 11.72 
AraC 10.60 



30.60 
32.98 
14.45 
19.55 



30.50 
30.30 
9.40 
11.00 



28.30 
27.85 
7.30 
1J.25 



30.50 
33.03 
11.86 
13.72 



0.10 
2.75 
Z53 
5.06 



Anti-phosphorzserine and threonine (KCOUNT/ 20 s) 

UT 5.90 5.85 5.50 

DFO 7.20 5.40 4.75 

Etoposide 5.20 5.70 5.75 

AraC 6.10 5.25 5.50 



pRB (ng /OA mg cell tysate) 
UT 9.66 
DFO 11.71 
Etoposide 2-56 
Aiac 2.14 



9/74 
10.64 
3.60 
5.54 



9.70 
9.62 
1.68 
2.29 



6.00 
5.60 
4.80 
6.60 



8.86 
8.69 
0.88 
2.39 



UT 


0.19 


0.19 


0.18 


0.21 


DFO 


0.20 


0.16 


0.16 


0.20 


Etoposide 


0.44 


039 


0.61 


0.66 


AraC 


0.58 


0.27 


0.50 


0.59 



5.75 
5.78 
5.55 
5.62 



9.70 
10.66 
161 
332 



0.10 
0.17 
0.48 
0.45 



0.22 
1.27 
0.30 
0.44 



0.04 
1.05 
0.96 
1.92 



0.01 
0.02 
0.12 
0.16 



Each experiment was performed with duplicate samples. 



6 h of DFO treatment, and increased somewhat after 
etoposide treatment. 



4w Discussion 

We analyzed the cellular response to iron depriva- 
tion by DFO treatment in comparison with treatment 
with a DNA-damaging agent, etoposide* or an an- 
timetabolite, AraC. With all three treatments, the 
level of p53 mRNA did not change and p53 protein 
levels increased in the Gl phase, findings that con- 
firm the posttranscriptional regulation of p53 [10,23], 

Expression of p21mRNA was induced by all three 
treatments, suggesting that the increased p53 func- 
tioned as a transcription factor. However, FACS and 
Western blot analysis confirmed that p21 protein 
expression increased only with etoposide, but not 
with DFO or AraC treatment, suggesting that p21 
gene expression may be posttranscriptionally regu- 
lated. Northern blot analysis showed that treatment 
with etoposide for 3 h resulted in the highest level of 



p21 mRNA. For effective expression of p21 protein, 
a considerable amount of p21 mRNA may be re- 
quired in the early stages of the cellular response or 
DNA damage may be required for translation of p21 
mRNA. We conclude from these results that the Gl 
accumulation caused by DFO is p21 -independent. 

Analysis of CDK4 expression showed that al- 
though mRNA levels remained constant after treat- 
ment with all three agents, protein expression was 
reduced by treatment with etoposide and AraC, sug- 
gesting that CDK4 may have been posuranscription- 
ally regulated. Ewen et al. have reported that an 
increase in wild-type p53 inhibits translation of CDK4 
mRNA [201 In our study, p53 accumulated with all 
three treatments, but CDK4 protein levels were af- 
fected only by treatments with etoposide or AraC. 
The elevation in p53 caused by DFO treatment was 
thus ineffective in blocking CDK4 translation. 

ELISA and Western Hot analysis revealed that 
treatment with DFO for 6 h did not affect expression 
of pRB or pRB phosphorylation. After treatment with 
etoposide or AraC for 6 h, expression of pRB de- 
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creased and the pRB phosphorylation index in- 
creased. This result may have been caused by the 
failure of etoposide and AraC to arrest Gl at this 
point, implying that although the cells pass through 
the Gl-S checkpoint, the following cell cycle did not 
proceed properly, and, therefore, pRB was not de- 
phosphorylatetL Since we assayed the native form of 
pRB with ELISA, the bead-coated anti-pRB mono- 
clonal antibody or the anti-pRB polyclonal antibody 
might not have detected pRB in the complex. In this 
assay, both antibodies recognize regions outside the 
pocket domain or phosphorylation region [22] and the 
results of ELISA paralleled those of Western blot 
analysis. Thus, results with the present ELISA system 
were considered reliable. 

In this study, we found that although p53 accumu- 
lation occurred with all three treatments, the down- 
stream cellular response was variable. Treatment with 
DFO clearly caused Gl accumulation; accordingly, a 
growth inhibition mechanism may exist indepen- 
dently from the cascade by which p53 induces p21, 
which inhibits CDK4 activity, and results in pRB 
phosphorylation. Recent studies have revealed that 
p21-deficient mouse embryo fibroblasts undergo Gl 
arrest after DNA damage [23,24]. Growth inhibition 
by iron deprivation would thus offer a model system 
to analyze the regulation of cell growth by mecha- 
nisms other than p53-inhibition of pRB phosphoryla- 
tion. 
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Iron Deprivation Inhibits Cyclin-Dependent Kinase Activity and 
Decreases Cyclin D/CDK4 Protein Levels in Asynchronous 
MDA-MB-453 Human Breast Cancer Cells 
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Iron chelation, known to block progression through 
the cell cycle, was examined for effects on the activity 
and subunit levels of the cy din-dependent protein ki- 
nases (cdk). Treatment of asynchronous MDA-MB-453 
cells with the iron chelators mimosine or desferoxa- 
mine (DFO) for 24 h stopped cell division, but did not 
produce a single, synchronous block. DNA content 
analysis demonstrated that although a majority of the 
cells were blocked in Gl (87.3%), an unexpectedly large 
fraction of the cells were blocked in S phase (11.5%), 
Western blot analysis of the treated lysates demon- 
strated the presence of cyclin B, confirming that part 
of the cell population was blocked in S phase. After 
release from mimosine treatment, 84% of the cell popu- 
lation remained in Gl up to 8 h. Treating breast cancer 
cells with 400 §xM mimosine for 24 h inhibited cyclin 
E- and cyclin A-associated kinase activity by 85% or 
more, although immunoblots using anti-cychn A, 
cyclin B, cdc2, and cdk2 antibodies showed that these 
key subunits were still present in the cells at pretreat- 
ment levels- Interestingly, Western blot analysis also 
demonstrated that iron chelation decreased the pro- 
tein levels of the cyclin D and cdk4 subunits as com- 
pared to control and produced a change in retinoblas- 
toma protein phosphorylation. These results indicate 
that iron deprivation effects the activity and protein 
levels of the cy din-dependent kinases, and ultimately, 
the pathways that control cell division. © iwe Academic 

Prats Inc* 



INTRODUCTION 

Regulation of cell cycle progression appears to be con- 
trolled by sequential activation and subsequent inacti- 
vation of a growing family of serine/threonine protein 
kinases, the cyclin-dependent (cdk) protein kinases (re- 
viewed in [1-3]). The active forms of these kinases 
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are heterodiroers composed of at least two subunits: a 
cyclin that acts as a regulatory subunit and a catalytic 
subunit that acts as the kinase. The complex often con- 
tains other proteins that may act as inhibitors or acti- 
vators. Many physiological substrates of the cdk ki- 
nases have been identified, including microtubules, 
lamins, nucleoli*, andhistone HI. During the Gl phase 
of the cell cvcle an important target for the cdk kinases 
appears to'be the retinoblastoma susceptibility gene 
product (pRb). . 

To date, eight cdk subunits have been identified m 
higher eukaryotes [4-8]. The kinase subunits are num- 
bered sequentially in chronological order of discovery 
as cdkl through cdk8, with P 34cdc2 being cdkl. Eight 
cyclins or cyclin families Have been identified, desig- 
nated as cyclins A-H. In keeping with their peno die 
nature, the cyclins appear and disappear at specific 
regulatory points in the cell cycle. In mammalian cells, 
progression through Gl appears to be controlled by the 
C-, D-, and E-rype cyclins, while progression through 
S, G2,'andM is controlled by the A- and B-type cyclins. 

Adequate intracellular iron levels are also vital for 
cell cycle progression, and a large body of evidence indi- 
cates that either all or part of the iron requirement 
is for DNA synthesis [9, 10J. The major cellular iron 
requirement occurs during late Gl and S phase and 
has been attributed to the increased activity of ribonu- 
cleotide reductase, an iron-requiring enzyme [11]. Ribo- 
nucleotide reductase catalyzes the reduction of ribonu- 
cleosifle diphosphates to the corresponding 2 '-deoxy- 
ribonucleoside 5'-diphosphates [12). In proliferating 
cells S phase appears to be dependent upon the rapid 
synthesis of the R2 subunit of ribonucleotide reductase. 
This subunit contains a tyrosyl-free radical that must 
be regenerated by a mechanism that requires ferrous 
(Fe +Z ) iron and oxygen [11, 13-15]. Removal of iron, 
through treatment with iron chelators, has consistently 
been shown to inhibit cellular proliferation [16]. 

In 1990 Lalande reported that mimosine reversibly 
arrested cell cycle progression in human lymphoblas- 
toid cells in late Gl, 1-2 h before the onset of S phase 
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I17J. This observation led several groups of cell cycle 
researchers to use mimosine as a synchronization 
agem in an attempt to elucidate the biochemical events 
leading to the initiation of S phase [18-28]. These stud- 
ies demonstrated that mimosine blocked a variety of 
cell types including CEM leukemic human T cells [19], 
A549 human lung carcinoma cells 121], new-born 
MANCA cells [24], MG-63 osteosarcoma cells [25], and 
Chinese hamster ovary cells [28] in the Gl phase, of 
the cell cycle. After release from mimosine block, these 
various cell types progressed uniformly into S phase 
within 4 to 6 h. 

It is generally agreed that mimosine blocks cell cycle 
progression, although the exact timing and mechanism 
of action of the block remain controversial. Hanauske- 
Abel et al support a Gl block by reporting that the 
accumulation of cells in late Gl was due to the ability 
of mimosine to inhibit deoxylhypusyl hydroxylase. This 
metallo-enzyme is necessary for the formation of hy- 
pusine, a rare amino acid found in the eukaryotic initia- 
tion factor-5A (eIF-5A) [29]. Other researchers have 
reported that mimosine blocks cells in S phase. Several 
studies by Hamlin and Mosca have demonstrated that 
mimosine is an effective inhibitor of DNA origins of 
replication in Chinese hamster ovary cells, resulting in 
an S phase block, rather than Gl [20, 30, 31]. Eblen et 
al. have also reported that mimosine blocks mink lung 
epithelial cells in S phase [32] and a report by Hughes 
et al demonstrates that mimosine blocks HeLa cells 
after the cells have entered S phase [33]. As a strong 
iron chelator, it is possible that mimosine inhibits DNA 
synthesis by chelating the iron necessary for the R2 
subunit of ribonucleotide reductase. Gilberts al. stud- 
ied the effects of mimosine on nuclear, mitochondrial, 
and simian virus 40 DNA replication, as well as DNA 
replication in Xenopus eggs. These investigators con- 
eluded that rather than inhibiting initiation of DNA 
replication, mimosine destabilizes replication forks by 
sequestering iron and altering deoxyribonucleotide me- 
tabolism [34]. Dai et al have correlated a decrease in 
ribonucleotide reductase activity to an inhibition of vi- 
ral DNA synthesis [35]. 

We have previously shown that mimosine blocks cell 
cycle progression in MDA-MB-453 human breast can- 
cer cells in a time- and dose-dependent manner and 
that the effects of mimosine can be antagonized by 
treatments that increase intracellular iron [36]. Breast 
cancer cells treated with mimosine are iron-starved, 
and this can be evidenced by the movement of trans- 
ferrin receptors to the cell surface. In addition, we have 
shown that the effects of mimosine were similar to 
those of another, chemically dissimilar, iron chelator, 
desferrioxamine (DFO). From these results, we have 
concluded that £he effects of mimosine on cell cycle 
progression are caused by iron chelation. 
In the current studies, we hypothesize that iron dep- 



rivation may produce cell cycle arrest by a direct or 
indirect effect on cdk kinases, providing a possible con- 
nection between these important regulators of cell cycle 
progression and intracellular iron levels. Our hypothe- 
sis was tested using DNA content analysis, kinase ac- 
tivity assays, and Western blot analysis. We found that 
treating asynchronous breast cancer cells with mimos- 
ine for 24 h reversibly arrested cell proliferation. How- 
ever, we also discovered that the cells were not highly 
synchronized, with cells blocked in both Gl and S 
phases of the cell cycle. Under these conditions we 
found that cdk kinase activity was inhibited although 
the protein levels and apparent phosphorylation state 
of the cyclin E, cyclin A, cdk2 ? and cdkl subunits were 
unchanged as compared to untreated controls. More 
interestingly, we found that the protein levels of the 
cyclin D and cdk4 subunits were decreased, and that 
there was a change in pRb phosphorylation. When 
taken together, these data suggest that mimosuie 
blocks cells at multiple points in the cell cycle, and that 
a lack of iron, through iron chelation, causes a profound 
effect on the biochemical pathways that regulate Gl 
cdk activity. 

MATERIALS AND METHODS 



Materials 

Mimosine (MIMO) (Sigma) was resuspended m phosphate-buf- 
fered saline (PBS) at 10 mM and then filtered through a 0.2 
sterile filter. Desferrioxamine (DFO) (Ciba-<3eigy) was resuspended 
as a 20 mM solution in sterile water. Aphidicolin (APH) (Sigma) waa 
dissolved in DMSO as a 5 mg/ml solution. Cyclin A, cyclin E, cde2, 
and cdk2 antibodies were kindly provided by Dr. Frederick Hall. 
Cdc2 antibody was also kindly provided by Dr. Joyce Yamagucm. 
Cyclin E antibody was kindly provided by Dr. James Roberts. Cychn 
B cyclin E cdk2, cyclin D, cdk4, and retinoblastoma protein antibod- 
ies were also obtained from Upstate Biologicals Inc. CLake Placid, 
NY). The antibody to cyclin D recognizes p36 cychn Dl and cross- 
reacts with p34 cyclin D2, which has a highly homologous epitope. 

Methods 

Tissue culture. MDA-MB-453 human breast cancer cells were ob- 
tained from American Type C ulture Collection (Kockville^MD). The 
ceils W€re maintained as monolayers in media (JBH Biosci- 
ences), supplemented with 10% fetal bovine oerom (JRH), 100 units/ 
ml penicillin, and 100 Mg/ml streptomycin (JRH). For DNA content 
analysis, Western blot analysis, and protein kinase assays, the cells 
were subculture^ in 75-cm 2 flasks and maintained in complete media 
for at least 24 h prior to drug treatment 

Flow Cytometric Analyst* of DNA Content. CeDs were i harvested 
by trypsiiuzation, washed once in cold HBSS, resuspended in cold 
70% ethanoTand stored at 4*C for at least overnight Prior to analy- 
sis the cells were pelleted, removed from the ethanol, and washed 
once in PBS. RNAee (Sigma) dissolved in PBS was added to a final 
concentration of 100 pg/ml and the samples were incubated at 3 
for 30 miiL The cell concentration was adjusted to 1 million cells/ml. 
Propidhim iodide solution (10 mg propidium iodide, (Calbiochem), 
0 37 mg EDTA, 9 ml PBS) was added to a final concentration o£50 
uWrnl and the samples were subjected to flow cytometric analysis 
using a FACS Scan Becton-Dickinson instrument equipped with a 
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TABLE 1 

DNA Content Analysis of the Recovery of MDA-MB-453 
Cells from Cell Cycle Arrest by Mimosme or DFO 



Treatment 


UUAj l 


5 


Control 


66.8 (5.2) 


23.1 (2.7) 


400 fiM Mimosine 


87.3 (1.2) 


11.0 VP-«>J 


400 fiM 






Mimosine; 






Released 4 






Hours 


86.2 (L2) 


12.4 (3) 


400 pM 






Mimosine; 






Released 8 




12.2 (2.9) 


Hours 


84.3 (L4) 


150 yM DFO 


82.8 (11.20 


15.4 (9.5) 


150 iiM DFO; 






Released 4 




15 (7.9) 


Hours 


81.8 (5.7) 


150 ?M DFO; 






Released 8 




29.5 (3.6) 


Hours 


68.0 (4.3) 



G2/M 



10.1 (5) 
1.2 (0.5) 



2.4 (2.7) 



3.6 (4.3) 
3.2 (L7) 



3.3 (2.3) 
3.0 (0.7) 



Note. Exponentially growing cells were treated with 400 pM nri- 
mosine or 150 n&d DFO or left untreated After 24 h, the drug was 
removed and replaced with medium. Cell cycle status was deter- 
mined at the times indicated by flow cytometry after staining with 
propidium iodide. CellFit Cell-Cycle Analysis Version 2.0 software 
was used to deconvolute DNA histograms. Data are averages of de- 
terminations of three different cell populations. The standard devia- 
tion is given in parenthesia- 



Argon-Ion laser adjusted to emit at 488 am. The fluorescence emis- 
sion was collected at 590 nm. Mean fluorescence intensity data and 
contour plots were generated using CellFIT Cell-Cycle Analysis Ver- 
sion 2.0 software. For all samples 10,000 events were recorded and 
the average coefficient of variation of the mean DNA content of the 
Gl population was less than 3.0. 

Western blotting. Cellular extracts were separated by SDS-poly- 
acrylamide gel electrophoresis and electrophorcbcally transferred to 
nitrocellulose. Uniform protein loading and transfer were verified by 
Ponceau-S (Sigma) staining of the blot Complete protein transfer 
was verified by staining the polyacrylamide gel. The membranes 
were blocked with 5% nonfet Carnation Milk in TBS-Tween (20 mM 
TVis-HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20). Following wash- 
ing with TBS-Tween the membranes were incubated for 2 to 3 h 
or overnight in primary antiserum. The blots were washed again, 
incubated for 1-2 h in aUcaline phosphatase-conjugated secondary 
antibody, washed again, and treated with 0.56 mM ^bromo-4-chloro- 
3-radoyl phosphate and 0.48 mM nitroblue tetrazolium to develop 
the colored reaction product Aphidicolin-treated samples were in- 
cluded as positive controls to indicate the levels of cdk snburnts dur- 
ing an S phase block. Photographs of Western blots were scanned 
using a Cohn High Performance CCD Camera. Image Analysis was 
done using an E3-100 Digital Imaging System (Innotech Scientific 
Corp.) 

Imrnu noprecipitation and pwtein kinase assay. After the speci- 
fied treatment, the cell cultures were washed twice with cold HBSS 
and lysed with lysis buffer [Tris-HCl (10 mM), pH 8.5, sucrose (0,27 
Af), mercaptoethanol (7.5 mM), EDTA (2 mM), EGTA (2 mM), leopep- 
tin (5 /ig/ml), PMSF (0.1-mM), sodium pyrophosphate (6 mM), NaF 
(25 mM), and Triton-X 100 (0.2«)1 Insoluble material was pelleted 
by centrifugation (13,00Cg for 16 min). To specifically determine the 
cychn E- and cyclin A-aesodated kinase activity, cell rysates were 



immunoprecipitated with polyclonal anti-cyclm E and anto-cyckn A 
antibodies. Protein samples were diluted (0.3 mg total cellular pro- 
tein/200 in ice-cold uranunopreripitating buffer. Samples were 
precleared with goat serum and incubated with anti-cyclin A or eyenn 
E antiserum for 2 h at 4*C in the presence of 45 jd of a 1: 1 suspension 
of protein A-Sepharose beads. Immunopreeipitated material was 
assayed for kinase activity utilizing a synthetic 
on the consensus sequence for histone HI ( A-K-A-A-A- 1 -r-rx-rv-A- 
K). As a control substrate, the proline at position 7 was substituted 
with a glycine (A-K-A-K-K-T-G-K-K-A-K; peptides prepared by the 
University of California-Davis Protein Structure Laboratory). Addi- 
tional controls included omission of the substrate peptides. Protein 
kinase assays were doae according to the method of Vulbet rf al 
[37] Briefly, the peptide (100 /Jtf) was incubated with the protein A 
beads, Tris-acetate (100 mM), pH 7.5, magnesium acetate (10 mM) 
and [■y- s *PJATT (100 /iAf) (sp act 1000-2000 cpm/pmol) (final volume 
50 fd) for 30 rain at 3(TC. 

RESULTS 

The effects of iron chelation on cell cycle progression 
were examined by treating MDA-MB-453 human 
breast cancer cells with mimosine and DFO. As shown 
in Table 1, DNA content analysis demonstrated that 
treatment with mimosine and DFO arrested a majority 
(85 to 87%) of the cells in the G0/G1 phase of the cell 
cycle as compared to the asynchronous control. How- 
ever a relatively large fraction (11-15%) of the cells 
was also arrested in S phase. Four h after removal of 
the drug, less than 3% of the population of cells blocked 
in Gl had moved into S phase. After 8 h release from 
iron chelation the percentage of cells in S phase had 
not significantly changed in the cells released from mi- 
mosine block. In the cells released from DFO block the 
percentage of cells in S phase increased from 15 to 30%. 
In both cases a majority of cells remained in Gl. 

The presence of cyclin B, a cdk subunit that appears 
only in S, G2, and M phases of the cell cycle, was exam- 
ined to confirm that a percentage of the chelator- 
treated cells were blocked in the S phase of the cell 
cycle. Western blotting with anti-cyclin B antibody 
demonstrated the presence of this cdk subunit in the 
lysates of cells treated for 24 h with mimosine and 
BFO. In Fig. 1, the level of cyclin B in the blocked 
cells was compared to the level of cyclin B found in 
the asynchronous cells as well as cells blocked by 24 
h treatment with aphidicolin. Blocking the cells with 
aphidicolin, an S phase blocking agent, illustrates typi- 
cal protein levels of cyclin B during a total S phase 
block. Using scanning densitometry, the amount of 
cyclin B in the mimosine-treated (36%) and DFO- 
treated (47%) cells is decreased over 50% as compared 
to the control cell lysates (100%). The amount of cyclin 
B in aphidicolin-treated (382%) cells is increased three- 
fold. 

The effect of iron chelation on cdk activity was exam- 
ined using hnmunopredpitation with specific antibod- 
ies. Antibodies to cyclin E and cyclin A were used to 
selectively precipitate these cyclins and their- assoa- 
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ated kinase activities. Treatment with 400 fjM mimosr 
ine or 150 (M DFO for 24 h demonstrated that a lack 
of intracellular iron has an inhibitory effect on cyclin 
E- and cyclin A-immnnoprecipitable activity (Pig. 2). 
Histone HI peptide phosphorylating cyclin B activity 
was significantly inhibited in the mimosine-treated 
samples (83.5%) and in the DFO-treated samples (95%) 
(P < 0.025). Cyclin A-associated activity was undetect- 
able. 

To investigate the relative levels of the cdk kinase 
Bubunits following iron deprivation, we immunoblotted 
the treated cell lysates. Western blot analysis with 
anti- p34 cdc2, anti-p33 cdk2, anti-cyclin E, and anti- 
cyclin A antibodies confirmed the presence of these var- 
ious subunits in the cell extracts (Fig. 3), Although the 
blocked cells had much less cdk kinase activity (5-10% 
of control) the protein levels of the subunits were not 
noticeably altered. Scanning denistometry confirmed 
that the amounts of the subunits in the treated cell 
lysates did not differ from the control cell lysates by 
more than 30%. 

Although the protein levels of cyclin A, cyclin E, cdk2, 
and cdc2 did not change due to iron deprivation, levels 
of cyclin D and cdk4 were noticeably less in both the 
mimosine- and DFO-treated lysates, as compared to 
the control or aphidicolin-treated lysates (Fig. 4A and 
4B). Aphidicolin-treated samples were included in 
these blots to illustrate that the decrease in cyclin D 
and cdk4 was not a general effect of cell cycle blockade. 
In Fig. 4A» the amount of cyclin D quantifiable by scan- 
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FIG. L Immunoblot analysis of cyclin B in MDA-MB-453 breast 
cancer cells. Cells were treated with 400 fjM mimosine, 150 uM DFO, 
10 pit aphidicolin, ox left untreated (Control) for 24 h. 10% SDS- 
PAGB gels were loaded with 200 protein per lane and transferred 
to nitrooallulose. Cyclin B appears as a single 50-fcDa molecular 
weight band. Scanning densitometry yalnes: Control, 100*; Mimos- 
ine, 36%; DFO, 47%; APH, 382%. 




CycSn A 



Cycin E 



FIG. 2. Cyclin A- and cyclin E-fammmoprecipitable activities in 
numosine and DFO-treated cell lysates. MDA-MB^3 ceUs were 
treated for 24 b with either 400 pM mimosine or 160 DFO. 
Control B; Mimosine ■; DFO □. Besults are the average of at kast 
three determinations. Mimosine and DFO treatment produced re- 
sults significantly different from control, P < 0.025. 



nine densitometry dropped 70% in the mimosine- 
treated cells and 80% in the DFO-treated cells as com- 
pared to the control (100%) and aprndlcoM-treatment 
(92%). The antibody to cyclin D recognizes p36 cyclin 
Dl and crossreacts with p34 cyclin D2, which has a 
highly homologous epitope. Densitometric analysis 
confirmed that the amount of cdk4 dropped to 42% in 
the mimosine-treated cells and 29% in the DFO-treated 

^As a potential consequence of the decreased protein 
levels of the cyclin D/cdk4 complex, we examined the 
state of phosphorylation of Rb (as evidenced by altered 
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FIG. 3. Immunoblot analysis of cyclin A, cyclin E, cdc2, and cdk2 
in MDA-MB-453 breast cancer cells. Cells were treated with 400 
mimnsine (Mimo), 150 nM DFO, or left untreated (Con) for 24 h. 
10% SDS-PAGE gels were loaded with 200 protein per lane and 
transferred to nitrocellulose. Cyclin A appears as a single 60-kDa 
molecular weight band. Cyclin E appears as a single 45-kDa molecu- 
lar weight band. Cdc2 appears as a triple band, indicating multiple 
phospho-forma, Cdk2 appears as a doublet, also indicating multipte 
phospho-fonns. (Scanning densitometry values) Cyclin A: Control, 
100%; Mimosine, 92%; DFO, 122%. Cyclin E: Control, 100%; Mimas- 
ine, 1Q6*;DF0, 118%. p34cdc 2 : Control, 100%; Mimosine, 70%; DFO, 
75%. p^cdk 2 : Control, 100%; Mimosine, 106%; DFO, 130%. 

migration on SDS gels) by Western blotting. Retino- 
blastoma protein is a physiological substrate of cyclin 
D and cdk4, and phosphorylation of this protein is criti- 
cal for progression into S phase. Immunoblotting miin- 
osine- and DFO-treated lysates with anti-retinoblas- 
toma protein (pRb) antibody illustrated that there was 
a distinct change in phosphorylation state of the Kb 
protein. In the mimosine- and DFO-treated cells there 
was less pRb in the hyperphosphorylated state (slower 
migrating band) (50 and 44%, respectively, by scanning 
densitometry) as compared to the control (100%) (Fig. 
4CX In the aphidicolin-treated samples, the amount of 
pRb in the hypophosphorylated state (lower molecular 



weight), dropped 40% by scanning densitometry. In 
these samples most of the protein appears to be in the 
hyperphosphorylated, higher molecular weight form. 

DISCUSSION 

Iron Chelation Does Not Produce a Synchronous 
Block in MDA-MB-453 Cells 

Although we originally became interested in iron 
chelation as a way to synchronic cells near the S phase 
border we found that adding mimosine or DFO to an 
asynchronous population of MDA-MB-453 cells blocked 
ceils in both the Gl and S phases of the cell cycle. DNA 
content analysis demonstrated that treating the cells 
with 400 \M mimosine for 24 h reduced the fraction of 
S phase cells by only 50%, from 23 to 11.5%. The same 
concentration D f mimosine (400 \M) decreased the in- 
corporation or tritiated thymidine by greater than 95% 
[36] This decrease in tritiated thymidine incorporation 
suggests that the cells are arrested in S phase, since 
they are not synthesizing DNA. The presence of the 
cyclin B subunit in the treated lysates confirms that a 
portion of the cells are blocked in S phase. During the 
cell cycle, cyclin B is degraded in metaphase and is not 
produced again until the following S phase 138, 39]. 
A two-step synchronization treatment of these breast 
cancer cells that utilizes serum deprivation and 400 
yM mimosine treatment blocks the cells exclusively in 
Gl and demonstrates that cyclin B is not present dur- 
ing this phase of the cell cycle (data not showriXThe 
occurrence of cyclin B in the mimosine and DFO- 
treated samples (Fig. 1) is additional evidence of an S 
phase cell population in the blocked cells. Aphidicohn 
is an S phase blocker that blocks cycle progression by 
inhibiting DNA polymerases [40]. The amount of cyclin 
B in the aphidicolin-treated samples should be greater 
than the control or iron-deprived cells, as the entire 
cell population is blocked in S phase. This anticipated 
result is presented in Fig. 1. ^ * 

Although our data do not exclude the possibility that 
those cells blocked in Gl are at the Gl/S phase border, 
neither does the data support a block of this nature. 
The slow rate of increase in S phase cells (as well as a 
slow rate of increase in tritiated thymidine incorpora- 
tion [36]) upon removal of the chelator suggests that 
the cells blocked in Gl were not highly synchronized 
and were not blocked near the S phase border. Up to 
8 h after removal of the mimosine block, there was no 
appreciable increase in the S phase cell population 
This, along with the apparent effect on cychn D and 
cdk4, suggests that there may be another block point, 
earlier in Gl. ^ , 

In this respect, the MDA-MB-453 human breast can- 
cer cell line appears to be unique. This breast cancer 
cell line is an androgen-responsive cell line that ex- 
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FIG. 4. (A) Immmioblot analysis of cyclin D in MDA-MB-463 breast cancer cells. Cells were treated with 400 „M ^^^9j^ 
DFO. 10 ^ aphidicolht or left unseated (Control) for 24 h. 10% SDS-PAGE gels were loaded with 2(K) ^ pi^tem lane and tra^erred 
to nitroceUulok Cyclin D appears as a single 35-kDa molecular weight band. The band at 46 ^*^ n * fied ^^^^fl^ 1 ^! 
£ these samples. Scanning ^nsitometry^lues: Control 100%; Mimosine, 29%; DFO, 20%; APH 92%. (B) ImmuncWot ^f^^ 
in MDA-MB-453 breast Sneer cells. Cells were treated as in A Cdk4 appears as a angle 36*Da molecular weight band. Scanmag 
Densitometry valuea: Control 100%; Mimosine, 35%; DFO, 53%; APH, 98%. (C) Injnimioblot analysis of refan^toma £<*^^ 
MB-453 cefll Cells were treated as in A 8% SDS-PAGE gels were loaded with 250 & proton per lane and tr^erred to nitr^ulose 
Retindblastoma appears ae multiple phospho-fbrms, (Scamring Densitometry values) Control: Rb-P, 100%; Kb, 100%; Mnnosine: Rb-P, 50%, 
Rb, 102%; DFO: Rb-P, 44%; Rb, 80%; AFEL Rb-P, 119%; Eb, 64%. 



presses androgen receptors and pl86erbB2 (HER2, 
nen) receptors, but lacks oestrogen receptors, proges- 
terone receptors, and EGF receptors [41, 42], These 
cells have also been shown to express a shortened, more 
stable cydin Dl mENA [43]. In other cell lines that 
have been treated with mimosine, most of the cells ap- 
pear to be blocked, in late Gl, and progress uniformly 
into S phase within 4 h of release from mimosine block 
[17, 19, 21, 25, 28, 44]. Cell lines not blocked in Gl are 
reported to be stopped in S phase [32, 33, 45]. Other 



researchers have reported that mimosine has an effect 
on CDK activity in various cell types [18, 19, 32, 24, 25, 
46]; however, the presence of cyclin B in a mimosine- 
treated lysate and the change in cyclin D and cdk4 that 
occur in this cell line are novel findings. 

Iron Chelation Has an Effect on Cyclin-Dependent 
Kinases 

Cyclin-dependent kinases regulate cell cycle progres- 
sion, and the activities of cyclin and cyclin A-depen- 
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dent kinases are necessary for progress through the Gl 
and S phases of the cell cycle [4, 6, 47]. Treating breast 
cancer cells with mimosine and DFO profoundly inhib- 
ited both cyclin E- and cyclin A-associated kinase activ- 
ity, demonstrating that the cellular activity of these 
kinases requires iron. Other cyclin-associated kinase 
activities were not examined because previous experi- 
mentation has shown that 24-h mimosine and DFO 
treatment inhibits total, extractable proline-directed 
protein kinase (PDPK) activity by 90% or more [36]. 
The PDPK family of kinases includes the cdk kinases 
as well as mitogen-activated protein (MAP) kinases. 
Therefore iron chelation generally inhibits PDPK activ- 
ity as well as specifically inhibiting cyclin E- and cyclin 
A-associated kinase activity. Inhibition of the kinase 
activity was not a direct effect; addition of mimosine 
or DFO to the assay system did not significantly affect 
kinase activity and the addition of iron to inhibited 
extracts did not reverse the effects of mimosine or DFO 
(data not shown). 

Although there was little, if any, cyclin A-, or cyclin 
E-associated kinase activity detectable after 24 h treat- 
ment with mimosine and DFO, Western blot analysis 
using antibodies to cdc2, cdk2, cyclin A, and cyclin E 
demonstrated that these key subunits were still pres- 
ent in the cell lysates. Immunoblotting with an anti- 
cdc2 antibody typically results in three bands, which 
is generally attributed to multiple phospho-forms [48- 
50]. After 24 h treatment with mimosine and DFO the 
ratio of these bands did not change, suggesting that 
there is no change in the apparent phosphorylation 
state of the cdc2 subunit. This may indicate that the 
decrease in kinase activity is not due to a change in 
the activity of the kinases or phosphatases that regu- 
late the cdc2 subunit. Immunoblotting treated cell ly- 
sates with antibodies to phospho-tyrosine also did not 
show any change from control (data not shown). . 

The phosphotransferase activity of the cdk kinases 
is regulated primarily by association and dissociation 
of the cyclin partner, timely phosphbrylation-dephos- 
phorylation events, and the presence or absence of in- 
hibitor proteins (reviewed in [51, 52]). Because there 
is no apparent change in protein levels or phosphoryla- 
tion state, the results from the Western blots suggest 
that the chelators may decrease cyclin A- and cyclin E- 
associated kinase activity by upsetting the regulation 
of an inhibitor protein. It is possible that the decrease 
in cyclin D and cdk4 protein level b produced by iron 
chelation causes an increase or redistribution of an in- 
hibitor protein, and that this subsequently inhibits 
cyclin A- and cyclin E-associated kinase activity- Poon 
et al. have reported that in cells arrested in Gl with 
lovastatin, cyclin Dl was degraded and the inhibitor 
protein p27 was redistributed to cyclin A/cdk2 [53], A 
similar phenomenon may be occurring in the iron-de- 
prived cells, leading to an inhibition of kinase activity. 



The cyclin D/cdk4 complex is growth factor-sensitive, 
and appears to function to translate extracellular sig- 
nals into orderly progression through Gl (reviewed in 
[54]). The activity of cyclin D/cdk4 is strongly corre- 
lated to retinoblastoma protein phosphorylation; cyclin 
D-dependent kinase activity first appears in Gl at the 
same time as the appearance of in vivo phosphorylation 
of pRb [55], Timely phosphorylation of pRb is critical 
for cell cycle progression. Hypophosphorylated pRb se- 
questers essential transcription factors while hyper- 
phosphorylation of pRb reverses the inhibitory func- 
tions, allowing progression into DNA synthesis (re- 
viewed in [56]). Immunoblotting mimosine- and DFO- 
treated cell lysates with antibodies specific to cyclin D 
and cdk4 showed a diminution of these subunits not 
seen in the aphidicolin-treated cell lysates. In addition 
to decreasing cyclin D and cdk4 protein levels, mimos- 
ine and DFO treatment caused a change in the phos- 
phorylation state of pRb as compared to the control and 
aphidicolin-treated samples (Fig. 4c). In the aphidi- 
colin-treated samples, most of the pRb appears in the 
upper, phosphorylated form, which is consistent with a 
S phase cell population. However, in the iron-deprived 
samples less of the pRb appeared in the upper form. A 
change in protein levels of the cyclin D/cdk4 subunits 
and a change in phosphorylation state of pRb together 
suggests that the decrease in these subunits may some- 
how prevent pRb from being phosphorylated. Terada 
et al. reported that DFO arrested cell cycle progression 
in stimulated human T cells earlier than aphidicolin 
and that this cell cycle block resulted in hypophosphor- 
ylated pRb. Adding iron restored both cell proliferation 
and pRb phosphorylation, leading these researchers to 
conclude that these effects were due to iron deprivation 
and that there may be iron-dependent events that lead 
to pRb phosphorylation [57], Similarly, these research- 
ers found that the synthesis of p34cdc2 in a serum-free 
cell culture system of human T lymphocytes required 
a small amount of iron [58]. The decrease in the cyclin 
D and cdk4 protein levels suggests that iron may be 
important in the biochemical pathways that control the 
regulation of these key cell cycle subunits, which, in 
turn, leads to pRb phosphorylation. 

The transport and utilization of iron is vital to cell 
cycle control. The crucial need for iron during S phase 
is generally attributed to the requirements of ribonu- 
cleotide reductase [13]. While there is no doubt that 
the requirement for iron is due in part to the needs of 
this enzyme, it does not explain why iron chelators 
such as mimosine and DFO block cells in Gl, before 
ribonucleotide reductase is required. In 1992, Chan et 
al. [59] observed that cdc2 and cdk2 are able to phos- 
phorylate a physiological site on the R2 subunit of ribo- 
nucleotide reductase, leading these authors to postu- 
late that R2 phosphorylation by a cdk kinase may play 
a role in regulating ribonucleotide reductase activity. 
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We have shown that adequate intracellular iron con- 
centrations are essential for cdk activity. These results 
suggest that at least part of the cellular need for iron 
occurs before ribonucleotide reductase activation. 

In our studies with MDA-MB-453 human breast can- 
cer cells, we have found that iron chelation inhibits the 
activity of cyclin E- and cyclin A-associated kinase and 
decreases the protein levels of cyclin D and cdk4, key 
regulatory subunits in cell cycle control. These results 
suggest a link between an iron-sensitive Gl pathway 
and a Gl cdk regulatory point in this cell line. We have 
also found that mimosine treatment of asynchronous 
cells does not produce a s3Tichronous Gl block. How- 
ever, mimosine treatment following partial synchroni- 
zation by serum deprivation does block cells exclusively 
in Gl, although probably, not near the Gl/S phase bor- 
der. Partially synchronizing the cell population prior 
to mimosine treatment produces a dramatic effect on 
cyclin subunits in Gl that is not seen in mimosine 
treatment of asynchronous cells (manuscript in prepa- 
ration). Ongoing experimentation is in progress to de- 
fine the nature of a possible iron-dependent regulatory 
step in Gl. Further experimentation is also planned to 
determine if these observations are unique to. this 
breast cancer cell line, all breast cancer cells, or is gen- 
erally true for all cell types. 

The authors gratefully acknowledge the assistance of Kenan Ace- 
vedo for performing the FACS analysis aad Robert Rigor for technical 
assistance. 
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The Expression and Activity of D-Type Cyclins in F9 Embryonal 
Carcinoma Cells: Modulation of Growth by RXR-Selective Retinoids 

Yong li *•* Michele A. Glozak,*- 1 Susan M. Smith * and Melissa B. Roger3*tt* 

'Department of Biology, \Dtpartmer* ofPharrruxologyand VnstUuU f%^T^ 
University ff South Florida, 4202 E, Fowler Avenue, Tampa, Florida 33*20 



The growth rate of malignant F9 embryonal carci- 
noma cells slows considerably following all-frcww-reti- 
noic acid-induced differentiation into benign parietal 
endoderm. To determine the mechanism of this pro- 
cess, we examined the expression of cyclins Dl, M, 
and D3 and the activity of their associated kinases. 
Cyclin Dl and D3 mRNA levels decreased during com- 
plete differentiation induced by aU-#rans-retinoio acid 
and dibntyryl cAMP, while the levels of cyclin D2 
and the cyclin-dependent kinase (Cdk) inhibitor p27 
mRNAs increased. Ultimately, terminally differenti- 
ated cells possessed 50% of the Cdk4-associated kinase 
activity observed in undifferentiated cells* Since nu- 
merous genes are differentially regulated during pari- 
etal endoderm differentiation, it is difficult to deter- 
mine whether retinoic acid affects cell cycle gene 
expression directly or if these changes are caused by 
differentiation. We found that the retinoid X receptor 
(EXR)-selective agonists LG100153 and LG100268 sig- 
nificantly inhibited F9 cell growth without causing 
overt terminal differentiation as assessed by anchor- 
age-independent growth and differentiation-associ- 
ated gene expression. As seen in cells induced to dif- 
ferentiate by the BAR agonist all-frans-retinoic add, 
KXE activation led to an increase in the number of 
cells in Gl phase. RXR agonists also sharply induced 
the levels of the Cdk regulatory subunits, cyclin D2 
and D3. However, Cdk4-dependent kinase activity was 
reduced by RXRVselective retinoid treatment. These 
observations suggest that some retinoids can directly 
inhibit proliferation and regulate Cdk4-dependent ki- 
nase activity without inducing terminal differentia- 
tion. O 1989 Academui Fr«*s 

Key WortU- retinoids; RXR; F9 embryonal carci- 
noma; differentiation; cyclins. 
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INTRODUCTION 

Vitamin A and its chemical relatives, the retinoids, 
are important regulators of cell proliferation and dif- 
ferentiation in a diverse array of tissues. Cell types 
whose in vitro differentiation is Influenced by retinoids 
include keratinoeytes, chondrocytes, adipocytes, hema- 
topoietic cells, and numerous neoplastic cell lines [1, 2], 
Retinoids slow or arrest the growth of many trans- 
formed cell lines by inducing differentiation. This ob- 
servation contributed to the development of a novel 
chemotherapeutic approach known as differentiation 
therapy. Rather than selectively killing tumor cells, 
tumor cells are induced to differentiate. These nonpro- 
liferating cells often lose the markers characteristic of 
the malignant state and gain markers of terminal dif- 
ferentiation. . . A 
One promising differentiation agent is the vitamin A 
derivative retinoic acid (RA). RA reverses the malig- 
nancy of several tumor lines in vitro and represses 
acute promyelocyte leukemia and aerodigestive tract 
tumors [3]. In vitro, and presumably in vivo, RA exerts 
its effect by activating a cascade of differential gene 
expression ending in terminal differentiation and the 
loss of malignancy. 

RA-regulated gene expression is mediated by nu- 
clear retinoid receptors which act as ligand-dependent 
transcription factors [41. These receptors are encoded 
by six different genes, the RARs a, ft and y and the 
RXRs a, ft and y. Numerous isofornis arising from 
differential promoter usage and alternate splicing have 
been identified and the expression of these isofornis is 
developmental regulated [5], Furthermore, the re- 
ceptors can act as homodimers and heterodimers, each 
with unique characteristics [see 6, 71. While the RARs 
bind to and are activated by aEkrans-RA and 9-cw-RA, 
the RXRs are activated only by 9-cis-RA. The RXRs 
form heterodimers with the RARs and several other 
receptors, including the thyroid hormone, vitamin D, 
oxysterol, peroxisome proliferator-activated receptors, 
and Nurr77ANGFI-B [8-101. This plethora of receptors 
and gene pathways may begin to explain the multiple 
effects retinoids have on differentiation. 
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Unfortunately, toxic side effects limit the clinical use 
of retinoids. For example, retinoids are extremely ter- 
atogenic. Accutane (13-cw-RA), used for treatment of 
chronic cystic acne, is one of the most potent human 
teratogens. Babies who survive to birth exhibit malfor- 
mations of the cardiovascular system, face, and central 
nervous system and absence of the thymus 111]. The 
pleiotropic effects of natural retinoids indicate that 
multiple mechanisms contribute to these detrimental 
outcomes. To ameliorate the toxicity and teratogenicity 
of retinoids, receptor-selective agonists have been syn- 
thesized which possess a narrower spectrum of activity 
[12]. These retinoids have clinical and research value, 
as they affect the expression of a subset of the target 
genes (e.g., Bmp-2 and Bmp-4) regulated during RA- 
induced differentiation [13]. Understanding the effects 
of these retinoids will aid in designing more effective 
and safe therapeutic agents. 

F9 embryonal carcinoma cells are a classic model 
system for studying the mechanisms underlying RA- 
induced terminal differentiation. F9 cells can be in- 
duced by RA and drugs that increase cellular cAMP 
levels to differentiate into a pure population of parietal 
endodenn-like cells [14], This differentiation is charac- 
terized by a change in morphology to that typical of 
parietal endoderm and the induction of numerous pa- 
rietal endoderm genes. This synchronous and repro- 
ducible differentiation is ideal for biochemical analyses 
of retinoid-induced responses. As occurs during the 
terminal differentiation of many cell types. F9 cells 
cease growing rapidly and lose their malignant pheno- 
type, including their ability to grow in the absence of 
substrate. The decreased growth rate could be purely 
the result of terminal differentiation or retinoids could 
directly inhibit the cell cycle system controlling growth 
rate. Most likely, a combination of these mechanisms 
plays a role. 

To understand the mechanism that lengthens the F9 
Gl phase during terminal differentiation, we have an- 
alyzed the expression and activity of several Gl phase 
regulatory proteins. Cyclins Dl, D2, and D3 are gen- 
erally considered to be positive regulatory subunits of 
the cyclin-dependent kinase 4 (Cdk4) and Cdk6 ki- 
nases. As such, increased cyclin D levels promote Gl 
progression in several cell types [15], The Gl Cdks are 
also regulated by the Cdk inhibitors j^i^^ 1 ^ 1 ^ 1 , 
p27 ap , p i6 ink4A/MTS1/CDKNZ , and pis™"™** 2 . For a general 
review, see Re£ [16]. We show here that cyclins Dl and 
D3 levels are reduced and cyclin D2 and p27 Up levels 
are increased in terminally differentiated parietal 
endoderm cells relative to undifferentiated F9 stem 
cells. It was not clear, however, whether these changes 
required terminal differentiation or whether all-trans-RA 
directly influenced -the expression of these genes. 

It has been reported that untreated F9 cells lacking 
a functional RXR gene grow more rapidly than wild- 



type cells (17]. We now report the complementary ob- 
servation. Specifically, RXR- activating retinoids de- 
crease the rate of F9 cell growth. We also show that 
RXR activation alters the expression of distinct cell 
cycle proteins in the absence of RAR-activating retin- 
oids. This occurs without complete terminal parietal 
endoderm differentiation, suggesting that retinoids 
can directly influence the cell cycle apparatus. 

MATERIALS AND METHODS 

Cell proliferation and differentiation. AH-tncuw-RA (RAR ago- 
nist), difautyry] cAMP, theophylline, calf serum, l^glutarrrine, and 
/J-mereaptoethanol were obtained from Sigma Chemical Co. (St. 
Louis, MO). 9-cts-RA (RAR and EXR panagonist) and TTNPB (RAR 
agonist) were obtained from Hoffrnan-LaRoche (Notley, NJ). 
LG100153 (LG153, RXK agonist) [18| and LG100268 (LG268, RXR 
agonist) [19] were obtained from Ligand Pharmaceuticals (San Di- 
ego, CA). Stocks (1 mM) of retinoid solutions were prepared in 
ethanol and diluted to the appropriate concentration into media 
before use. Monolayer F9 or RA-5-1 embryonal carcinoma cells [20] 
were maintained in DMEM (Gibco BRL, Gaithersburg, MD) supple- 
mented with 10% heat-inactivated calf serum, 2 mM L-glutamine, 
and 0.1 mM p-mercaptoethann] on gelatinized tissue culture plates 
in 10% CO, at 37°C. For differentiation, monolayers were dispersed 
into single cells with trypsin-EDTA (Gibco-BRL) and replated at the 
desired density. After cell attachment, the medium was replaced 
with medium containing the desired concentration of retinoid plus 
250 pMdbcAMP and 500 uM theophylline (CD. On the third day of 
long experiments, the medium was replaced with fresh medium 
containing drags. 

Cell proliferation assays. P9 cells (4.5 x lO 8 ) were plated in 0.15 
ml DMEM in 96-well flat-bottomed culture plates. After cells at- 
tached, the medium was replaced with drug-containing medium. For 
the MTS assay, separate stock solutions of MTS (3-(4,5-dimethyl- 
thiazol-2-ylV5^3-carboxymethoxyu^ 2/Ttet- 
razolium, inert salt) and phenazine methosulfate (PMS) were pre- 
pared and added to the cultures to a final concentration of 100 mM 
MTS and 5 mM PMS. The amount of formazan product was assayed 
by measuring the ahsorbance at 570 nm [21]. For toluidine blue 
staining, cells grown similarly in 96-well plates were fixed with 0.1 
ml of 4% paraformaldehyde for 30 min and then 0.05 ml 0.5% 
toluidine blue was added and incubated 1 h. The cells were solubi- 
lized with 0.1 ml 2% SDS per well and the absorbance was read at 
650 nm [221. For cell counting assays, 3 X 10* cells were plated in 1.0 
ml medium in 24-weil plates. Drugs were added as described above. 
After 3 or 4 days, cells were trypsinized and counted on a hemacy- 
tometer. 

Flow cytometry. Cells were dispersed with trypsin-EDTA and 
then fixed with 70% ethanol at -20*C for at least 30 min. The fixed 
cells were washed with PBS and then reauspended in PBS contain- 
ing 100 ugfaol RNaseA and 40 /ug/xnl propidium iodide. Cells were 
incubated at 37*C for 30 min. Samples were analyzed for DNA 
content on a Becton Dickinson FACSCAN using MODFFF software. 

Anchorage-independent growth. The anchorage independent 
growth assay was adapted from Chen et al [23]. The bottom agar 
layer was prepared by mixing equal volumes of sterilized 1.4% agar 
(Difco, Sparks, MD) and 2X DMEM supplemented with 20% heat- 
inactivated calf serum, 4 mM l^glutamine, and 0.2 mM 0-mercapto- 
ethanol. A quantity of 3*0 ml was pipetted into 60-mm non-tissue 
culture petri dishes and incubated at 37°C in 10% CO* overnight- A 
cell slurry was prepared by miring one part 1.4% agar at 45°C, two 
parts cell suspension (1.3 x 10* r^Ue/ml suspended in lx DMEM), 
and one part 2x DMEM. The cell slurry also contained 250 uM 
dbcAMP, 500 pM theophylline, and 0.1 uM retinoid or ethanol vehi- 
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Time 



Day 1 
Day 2 
Day 3 
Day 4 



LI J5T AL. 
TABLE 1 

Percentage o f F9 Cells in Gl, 3, and G2/M Phases Following All-frnng-R ACT and LG153 CT Treatment 

G2/M 



Gl 



S 



CT 



HACT 



212 ± 0.6 
21.4 i 1.2 
26.6 ± 1.0 
27,8 ± 1.1 



24.1 ± 0.2 
45.1 ± 0.6 
47.5 ± 0.5 
44.8 ± 0.1 



LG153CT 



20.9 ± 05 
24.9 ± 0.1 
38-9 ± 1.0 
43.4 ± 0.04 



CT 



54.7 ± 0.3 
54.0 ± 1.2 
61.2 :£ 6.4 

59.8 ± 1.9 



RACT LG153 CT 



49.9 £ 0.3 
42.3 ± 0.7 
39.3 ± 1.5 
38.8 ± 1.2 



55.0 -£ 2.0 
56.4 ± 0.4 

48.0 ± 0.2 

44.1 ± 0.6 



CT 



RACT 



24.1 ± 1.4 
24.6 ± 0.01 

12.2 ± 5.4 
12.4 t 0.8 



26.0 £ 0.1 
12.6 £ 0.2 
13.2 ± 0.9 
16.4 i L3 



LG153CT 



24.1 ± 1.8 
18.8 ± 0.6 
13.1 ± LI 
12.5 ± 0.5 



cle. A quantity of 4.5 ml prewarmed cell slurry mixture containing 
3 0 X 10* cells was poured an the preincubated bottom agar layer. 
Following a 6-h incubation (37'C, 10% CO*), 3.0 ml IX DMEM 
supplemented as above was pipetted onto the second layer. Colonies 
were visible within 11 days. 

RNA isolation and blotting. KNA isolation and northern blotting 
procedures are described in li et oZ. [241- 

Preparaiion of protein extracts and Western blotting. F9 cell 
monolayers wore lysed on ice for 30 min in 50 mM TriB-HCl CpH 8), 
120 mM NaCl. and 0,5% Triton X-100, containing a cocktail of 
protease and phosphatase inhibitors. Lysates were passaged though 
a 26-gauge needle several times and then spun in a microcentrifuge 
for 15 min at 4°C to pellet cellular debris. The supernatants were 
frozen in liquid N» and stored at -80°C until used. Protein concen- 
tration was determined by Bradford assay (Bio-Rad, Hercules, CAX 
For Western blotting, 20-25 jig protein was loaded on SDS-^AGE 
minigelfi 1251. Following electroblotting, filters were blocked in 5% 
nonfat dry milk and then exposed to antibodies overnight. Proteins 
were visualized by enhanced chenuluminescence (Amarsham) and 
quantified by densitometry. Antibodies were, obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA) (cyclhi Dl, SC450; cyclinD2, 
SC-593; cdk4 t SC-260) and Neomarkers (Union City, CA) (p27, B4S- 
256; cyclin D3, MS-215; and p21, MS-5387). 

CycUn-dependent kinase assays. Kinase assays were done essen- 
tially as described by DeGregori et d [26]. Equivalent amounts of 
protein extract, as determined by Bradford assay (Bio-Rad), were 
then added to protein A/proteiii G agarose beads (Santa Cruz) teat 
had been precoated with 2 ug polyclonal anti-Cdk4 (Santa Cruz 
SC-260) or polyclonal anti-Cdk6 (Santa Cruz SC-177) antibodies. 
Complexes were immunopreopitated for 3 h at 4°C with constant 
rotation. Immunoprecipitatea were washed and then resuspended in 
30 fd kinase reaction mix (50 mM Hepes, pH 8.0, 10 mM MgCl a , 1 
mM DTT, 2.5 mM EGTA, 10 mM ^glycerophosphate, 0.1 mM so- 
dium orthovanadate, 1 mM NaF, 20 uM ATP, and 10 u€i [r^Wf 
(3000 CiAnmol, DuPont NEN, Boston, MA), containing 2 ug bacten- 
allv expressed GST-Rb (amino acids 379-928, kindly provided by 
Doug Cress, Moffitt Cancer Center) as substrate. After incubafaonat 
30*C for 30 ^n, the reactions were stopped by the addition of SDS 
sample buffer and then boiled for 5 min, electtophoreaed thong h7£% 
SDS-PAGE, and exposed to X-ray film. The amount of kinase activity 
was quantified by use of a phc^orimager (Molecular Dynamics). 

RESULTS 

All-trans-RACT Treatment Increases the Length 
of the F9 Cell Cycle 

Cells induced to differentiate into parietal endoderm 
by exposure to all-*rans-RA, 250 fM dbcAMP, and 500 
A*M theophylline (RACT) for 4 days grow much slower 
than undifferentiated cells. The decreased growth rate 



and induction of complete differentiation depends on 
all-fra/is-RA, because cells treated only with 250^M 
dbcAMP and 500 fxM. theophylline (CD fail to differ- 
entiate and continue to divide rapidly. We compared 
the percentage of cells in each phase of the cell cycle 
during 4 days of treatment with CT or 0.1 jxMall-trons- 
RACT by staining with propidium iodide and measur- 
ing DNA content by flow cytometry. Results are shown 
in Table 1. By the second day of treatment, 45% of the 
RACT-treated cells, compared to 21% of the CT-treated 
cells, were in Gl phase. All-trtz/is-RACT treatment 
eventually caused the number of cells in S phase to 
decline from 60 to 39%. Thus, the decreased growth of 
aU-rra/is-RACT-treated cells was largely due to an in- 
crease in the length of Gl phase relative to that of 
undifferentiated CT-treated cells. 

Regulation of Cyclin Dl, D2, and D3 Transcripts 
in F9 Embryonal Carcinoma Cells 

The cyclin D proteins are major regulatory subunits 
of the Gl Cdks. Since their concentrations directly 
regulate Gl progression, we measured the abundance 
of the cyclin D transcripts in F9 embryonal carcinoma 
cells induced to terminally differentiate into parietal 
endoderm in vitro. A time course of cyclin D expression 
was obtained by isolating RNA from cells treated with 
01 oM all-*mns-RA (Figs. 1A and IB) or 1*0 /iM all- 
trans-RA (Figs. 1C and ID) and CT for 1. 2, 3, or 4 days. 
As controls, RNA was isolated from cells treated only 
with CT at the same time points. Figures 1A and 1C 
show the autoradiographs of Northern blots of tins 
RNA and Figs. IB and ID show the data normalized to 
the constitutive message 36B4 [27], 

Cyclin Dl mRNA abundance in cells induced to dif- 
ferentiate by exposure to 0.1 iM all-*rans-RA and CT 
for 4 days was 26% of that observed in undifferentiated 
cells treated only with CT CP < 0.05, n - 4 Figs- 1A 
and IB, compare lanes 4 and 8; Fig. 4; and data not 
shown). A similar repression was observed m cells 
treated with 1.0 jiM all-trans-RA and CT (Figs. 1C and 
ID and data not shown). We also observed a decline in 
cyclin Dl mRNA levels during culture in Contain- 
ing medium (Figs. 1A and B). Since au-*rtms-RACT- 
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PIG. 1. Time won* of cyclin Dl-3 KNA levels during F9 cell differentiation. (A) BepresentebVe ^toradteffrapha i of N^eni blots of 
RNAUolatedtenW cells at 8.5 x 10' cells/cm' and treated with 280 mM dbcAMP and 500 nM theophylline (CT, lsnesl-4) or CT 
wi* O^XK^ffiScT. lanes 5-8) for 1 day (lanes 1, 6), 2 days (kme* 2, 6), 3 days (lanes V^^^^^^Ti" 
Cloariedper lane. Blots were probed fbr the cyclin Dl. D2, D3, and 36B4 IMAs* ittlkated. S ^J^^^^^£ V ^* 
{^independent Northern analyse. (B) Graphs indicate the transcript levels shown in A normalized ^.^^^ ?™^ a ^f^ 
36B4. In each graph, RNA levels are expressed as a percentage of those observed in the ce ^^f^^?*'^^^?^f^^^j?^ n ^ jlj^) 
HNA was isolated and analyzed for cyclin Dl RNA abundance exactly as m A and 1 1 except that cdto were ^^J^™^™ \™ 
at 2.8 x 10' cells/cm' (lanes 1-4), 5 x 10' cells/cm' (lanes 6-8), or 8.5 x 10' cells/an 2 (lanes S-W ot^ImM an-mms-RACT sMdedatB.^ 

fo' cells/cm' Qanes 18-18). Cdb were grown for 1 day Wk^^JL^.^^^^^jSW 
4, 8, 12, 16). (D) Transcript levels shown in C normalized to the level of the eonstitut^ BNA, 36Bt ^ ^^.^S 
cellaW; O, CT-treated, seeded at 6.5 X 10* ceOsW; □, CT-trcated.seededatS X 10' caDitaa* A, CT-treated, seeded at 2.8 X 10 cells/cm . 

treated cells have-a decreased growth rate, CT-treated ture. Therefor e we measured cyclin Dl leveb in CT- 
cultures seeded at the same density contain approxi- treated cells seeded at the usual denaiyof 8j5X10 
mately three times as many cells after 4 days of cnl- cells/cm 2 or at 5 X 10 3 or 2.8 X 10 3 cells/cm . The data 
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shown in Figs. 1C and ID indicate that, although cyclin 
Dl levels may decline in cells grown at high density, 
all-fra/tf-RACT further decreases the abundance of the 
evelin Dl mRNA . 
" In contrast to the observed decrease in cyclin Ul 
mRNA level, 0.1 mM all-frons-RA and CT induced the 
cyclin D2 RNA eightfold over that observed in CT- 
treated cells within 48 h of treatment (P = 0.005, n - 
4 Pigs IA and IB, lane 6; and data not shown). Like- 
wise, 1.0 uM all-trans-RA. and CT induced the cyclin 
D2 RNA strongly by 48 h (data not shown). As observed 
for the cyclin Dl transcript, the abundance of the cychn 
D3 RNA declined with culture in both all-frons-RACT 
and CT-containing medium (Fig. 1). Cell density failed 
to affect this decline (data not shown). Together, these 
data indicate that the cyclin Dl and D2 transcript 
levels are differentially regulated by all-frans-RALl 
during F9 cell growth and differentiation. 

EXR Agonists Inhibit F9 Cell Proliferation 

The decreased F9 cell growth rate caused by all- 
trans RA could involve genes regulated by factors as- 
sociated with terminal differentiation. This could be an 
indirect retinoid effect, because many transcription 
factors are regulated by RA. Alternatively, all-rrcns- 
RA-bonnd receptors could directly regulate the cell cy- 
cle genes controlling growth rate. Most likely, a com- 
bination of these mechanisms plays a role. All-froas- 
RA, which directly activates RARa, p, and y, may be 
metabolized to 9-cis-RA and thus indirectly activate 



from indirect regulation of the cyclin D genes would 
require a laborious analysis of the genetic regulatory 
elements controlling each gene. An alternative phar- 
macological approach using receptor-selective retin- 
oids is more suitable for analyzing many genes. These 
retinoids can activate a subset of receptors andtoa 
subset of the genes activated in all-irans-RA-treated 

^We^mpared the growth of F9 cells treated with 0.1 
uM all-irans-RA, an RAR agonist; an RAR 

and RXR panagonist; and LG100153 (LG153), an RXR 
agonist [181. Three independent cell prohferation as- 
says were used to measure cell growth (Fig. 2). Each 
assay showed that CT treatment alonedid not change 
the growth rate relative to untreated F9 cells. la con- 
trasE^posure to 0.1 aU-^-RA or frcu «d 
CT resulted in significantly fewer cells (Figs. 2 and 3A). 
The RXR agonist LG153 and CT also repressed the 
number of cells by 50%, although the morphology Ep- 
ical of differentiated cells was not induced. The differ- 
ence in growth was statistically significant as deter- 
mined by the Student's t test assuming equal variances 

(MTS assay, P < ™* «»^^ P < 0 °£ 

blue assay P < 0.05). Since LG153 

vates RXRs, these observations suggest that hgand 

activation of RXRs by LG153 inhibits the > gr owth of F9 

cells. LG163 has also been ceU 

cycle of the myelomonocytic cell line U937 1281. 

To examine the effect of LG153 activation on . cell 
cycle traverse, we determined the percentage of cells in 



metabolized to 9-cis-RA and thus indirectly activate , fl cytometry. As shown 

the RXRs as well. One approach to distinguish direct each phase ofthe cell cycle by no cyw 
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FIG. 3. RXR activation selectively inhibit F9 but not RA- 
5-1 cell growth. F9 (A, B) or RA-5-1 (B) cells were seeded at 2 x 
10* cells per well in 24-well plates and grown for 4 days in 
medium containing 0.1 /xM retinoid and CT as indicated. Cells 
were then trypsinized and counted on a hemacytometer {n = 3—4). 
(C) F9 cells were grown in semisolid agarose in medium con- 
taining 0.1 jlM retinoid and CT as indicated. After 11 days, 
visible colonies were counted (n = 9-13). All values are normal- 
ized to the number of cells or colonies in the CT- treated cultures. 
There was no difference in the size of colonies formed in CT or 
HXR-solcctive retinoids. Solid bars, F9 cells; open bars, RA-5-1 
cells. Bars, SEM. 



in Table 1, treatment with LG153 and CT for 4 days 
caused an increase in the number of cells in Gl phase 
from 21 to 43%. This did not differ significantly from 
the 45% Gl phase cells found in the RACT-treated 
cultures. The kinetics of this change in Gl length were 
different. RACT nearly doubled the number of Gl cells 
within 48 h of treatment. In contrast, the number of 
LGl53-treated cells in Gl phase were not significantly 
different until 72 h of treatment Thus, while RXR 
activation can inhibit the growth of F9 cells, the kinet- 
ics of this inhibition are distinct from that induced by 
RAR activation. 

To determine whether or not the significant inhibi- 
tion of F9 cell growth rate by LG153 was caused by the 
selective activation of RXRs, we tested another RXR- 
selective agonist, LG100268 (LG268) [191. Figure 3A 
demonstrates that 4 days of exposure to 0.1 LG153 
or LG268 and CT repressed F9 cell growth by 49 and 
47% respectively. The average doubling times of the 
cells over 4 days were 16.6 h in the absence of retinoids, 
27.8 h in all-mms-RACT, 19.8 h in LG153CT, and 
20.7 h in LG268CT-containing medium. The receptor 
selectivity of these retinoids has been confirmed by 
binding studies and mammalian reporter assays 118, 
19]. Therefore, our observations are consistent with the 
growth inhibition resulting from the ability of each 
drug to activate RXRs. 

The RXR-Selective Agonist L0268 Fails to Inhibit 
the Proliferation of an F9 Cell Line 
That Cannot Differentiate 

Wang and Gudas isolated a mutant clone of F9 cells, 
RA-5-1, that cannot differentiate into either parietal 
[20] or visceral endoderm [29]. These cells, which have 
a defective prolyl-4-hydroxylase enzyme, were selected 
by virtue of their ability to grow without anchorage in 
medium containing ail-frcws-RA [30]. AU-^totw-RA 
fails to induce differentiation or complete growth ar- 
rest in RA-5-1 cells, although Hoxa-1, a directly RA- 
responsive gene, is induced [29]. Thus RA-5-1 cells 
begin, but fail to complete, the series of events leading 
to terminal differentiation. To test whether or not the 
RXR-selective agonists were nonselectively cytotoxic, 
we examined the effect of LG268 on RA-5-1 growth. As 
shown in Fig. 3B, all-*nz/w-RACT causes a 47% de- 
crease in RA-5-1 growth rate. This is significantly less 
than the 80% decrease observed in wild-type F9 cells 
(Fig. 3B, compare bars 2 and 5) and is consistent with 
published data [30] . In contrast, LG268CT did not alter 
the growth of RA-5-1 cells (Fig. 3B, compare bars 4 and 
6), although this drug inhibited F9 cell growth by 45%. 
This proves that LG268 is not generally cytotoxic. This 
result also suggests that RXR-selective retinoids in- 
hibit cell growth by a mechanism that is impaired in 
RA-5-1 cells. 
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RXR-Selective Retinoids Inhibit, but Do Not Abolish 
Anchorage-Independent Growth 

The previous results indicate that LG153 and LG268 
decrease F9 cell growth rate in monolayer cultures. F9 
cells induced to differentiate by all-fra/w-RACT are, 
like most benign cells, incapable of anchorage-indepen- 
dent growth. In contrast, untreated F9 embryonal car- 
cinoma cells are highly malignant and readily form 
colonies in semisolid agar. To further assess the effects 
of the RXK-selective retinoids on growth control in F9 
cells, we compared the number of colonies formed in 
soft agar containing 0.1 jxM LG153, LG268, or all- 
trans-KA and CT. Cells (3 x 10 s ) were plated in 0.35% 
agar and colonies were counted after 11 days. Cells 
treated with CT alone formed an average of 520 ± 78 
colonies per plate. As expected for terminally differen- 
tiated cells, all-tans-RACT-treated cells failed to form 
colonies in soft agar. LG153CT- and LG268CT-treatcd 
cells formed 385 ± 82 and 242 ± 51 colonies per plate, 
respectively. Figure 3C shows the number of colonies 
normalized to the average number of colonies in CT- 
treateri plates. Thus, both RXR-selective retinoids im- 
pair colony formation, although not to the same extent 
as all-irana-RA. These data are consistent with two 
hypotheses: (1) a subset of RXR agonist-treated cells 
terminally differentiates and these fail to form colo- 
nies, or (2) the RXR agonists fail to induce complete 
terminal differentiation, but cause some cells to be- 
come anchorage-dependent though partial differentia- 
tion or another mechanism. We do not favor the first 
hypothesis, because the RXR agonist-treated cells did 
not assume the characteristic parietal endoderm mor- 
phology. Also, as described below, the pattern of gene 
expression in RXR agonist-treated cells resembles that 
of undifferentiated cells. 

LG153-Treated Cells Express Undifferentiated Stem 
Cell Markers 

All-trans-RA regulates cell differentiation and pro- 
liferation by modulating gene expression [31]. To learn 
which genes are involved in RXR-mediated growth in- 
hibition, we used Northern analyses to quantify the 
expression of several genes known to be regulated dur- 
ing all-frans-RA-induced F9 cell differentiation (Fig. 
4). These genes included those expressed in undiffer- 
entiated stem cells and down-regulated by sUrtrans- 
RA, as well as those induced by all-irans-RA. Previous 
work showed that LG153 does not affect the expression 
of H218, which functions as a receptor for sphingosine 
1-phosphate and related compounds and is down-reg- 
ulated during RA-induced differentiation [24]. We also 
tested five other genes normally expressed in undiffer- 
entiated cells: the transcription factors Rexl (Zfp-42) 
[32], Oct3/4 [33], and Sox2 [34] and the growth factors 
Bmp4 [13] and Fgf4 [35]. As expected, each gene 



was down-regulated by RAR agonists (all-*rans-RA, 
TTNPB, or 9<is RA) but not by the RXR-selective 
agonist LG153. TTNPB activates RARs highly selec- 
tively and cannot be metabolized to 9-cis-RA 

LG 153 also failed to fully up-regulate the expression 
of the genes encoding the extracellular matrix protein 
laminin Bl, the growth factor Bmp2, or the transcrip- 
tion factors Hoxa-1 and RARfr as occurs in differenti- 
ated cells 132 and Refs. therein]. If the 25 to 50% 
decreases in colony formation shown in Fig. 3C were 
caused by terminal differentiation of 25 to 60% of the 
cells, then a corresponding decrease in the expression 
of all stem cell markers and an increase in all parietal 
endoderm markers should have been observed. Since 
this was not observed, LG153 does not appear to induce 
parietal endoderm in a subset of the F9 cell population. 

LG153 Induces Cyclin D2 and D3 mRNA 

AH-f rans-RA slows the F9 cell cycle by increasing the 
length of the Gl phase (Table 1) [17, 36]. We also 
ohserved that cyclins Dl, D2, and D3 were regulated 
during F9 cell differentiation (Fig. 1). Therefore, we 
measured the expression of RNAs encoding Gl phase 
regulatory proteins which are directly involved in the 
cell cycle and growth control in cells treated with a 
panel of retinoids (Fig. 5). Retinoids that induced dif- 
ferentiation (all-fro/is-RA, TTNPB, and 9-cis-RA) 
down-regulated cyclin Dl and cyclin E. Conversely, as 
observed for the stem cell markers H218, Rexl, Oct3/4 
Sox2, Bmp4 t and Fgf4, the levels of cyclin Dl and E 
RNAs were unaltered in LG153-treated cells. Thus 
regulation of these genes is linked to RAR- activation 
and parietal endoderm differentiation. 

Cyclin D2 and D3 message abundance, however, was 
changed in RXR agonist-treated cells. Both LG153 
(Fig. 5) and LG268 (data not shown) induced cyclin D2 
RNA levels as efficiently as RAR agonists or panago- 
nist (8-fold). Further, cyclin D3 mRNA levels were 
induced by the RXR agonist LG153 but not by all- 
trans-RACT. The RNA-encoding p27 Kip , a major Cdk 
inhibitor, was modestly, but reproducibly, up-regu- 
lated by both all-ta/is-RACT (2-fold, P < 0.01, n = 6) 
and LG153CT (Infold, P < 0.05, n - 6). These obser- 
vations suggest that cyclin D2, cyclin D3, and p27 
may be involved in the partial growth suppression 
caused by RXR agonists. More importantly, the strik- 
ing elevation of cyclin D2 levels during aM-trans- 
RACT-induced differentiation may not be involved in 
differentiation, but rather in cell cycle exit 

RAR- and RXR-Selective Retinoids Differentially 
Regulate Cell Cycle Protein Levels 

Having shown distinct modulations of mRNAs en- 
coding cell cycle proteins upon treatment with RAR or 
RXR-selective retinoids, we next examined the relative 
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indicated radfclabefed cDNA probes (Lam Bl, ZamiiinBl). The autea&ogr^ba ^^X^m^rto ^SSte^toacSto 
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protein levels direbtly (Fig. 6A). The amount of cyclin (Kg. ^^^S^ZS^SS. 

Dl protein in all-frans-RACT-treated cells was approx- tire retinoid (LG268CT) did not «nw^ „ 

imately one-half the amount in undifferentiated cells change in the amount of cyclin Dl protein. While the 
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cyclin D2 protein was barely detectable in undifferen- 
tiated cells, cyclin D2 protein levels were strongly in- 
duced by all-trans-RACT. Treatment with LG268C1 
induced cyclin D2 expression to a level almost one-half 
that of all-trans RACT. Cyclin D3 levels declined by 
approximately 40% upon treatment with sll-trane- 
RACT, but were induced threefold by the RXR-selec- 
tive retinoid and CT. Thus, overall cyclin D levels in- 
creased in RXR-treated cells, despite their decreased 
rate of proliferation. _ 

Cdk4 protein levels did not change appreciably follow- 
irvs any treatment (Fig. 6A). In contrast to treatment 
with all-frans-RACT which induced 027^, RXR-selective 
asonist and CT did not change the abundance of the Cdk 
inhibitors p21 or p27 (Fig. 6B). Thus, in RXR agomst- 
treated cells, the levels of cyclin Dl 7 p21, and p27 
proteins resemble those of undifferentiated eels, while 
cydin D2 and D3 protein levels are specifically induced. 

Like All-trans-RA, Treatment with RXR-Selective 
Retinoid Decreases Cdk4-Dependent Kinase Activity 

Having shown that RXR-selective retinoids modu- 
late the expression of D-type cydins in a manner dis- 
tinct from that of all-irans-RA, we next examined the 
functional consequences of this regulation. In extracts 
prepared from aJl-fran«-RACT-treated cells, the 



amount of Cdk4-dependent kinase activity was 50% 
that observed in cells treated with CT alone (Fig. 6C). 
In these fully differentiated cells, decreased Cdk4 ki- 
nase activity correlates with decreased proliferation 
rate. KXR-selective retinoids, which cannot cause full 
differentiation (Fig. 4), also impair proliferation (Figs. 
2 and 3). In vitro kinase assays showed that treatment 
with the RXR-selective retinoid LG153 and CT de- 
creased Cdk4-dependent kinase activity by 36% (Fig. 
6C) Cdk6-dependent kinase activity was not apprecia- 
bly affected by any treatment. The magnitude of the 
LG153- associated decline in Cdk4 activity correlates 
with the antiproliferative effect of this retinoid. 

DISCUSSION 

The retinoid-induced complete differentiation of F9 
embryonal carcinoma stem cells into parietal 
endoderm is accompanied by a sharply decreased pro- 
liferation rate as the cells become benign (Table 1) 117, 
36] Changes occur in numerous cellular systems dur- 
ing this process. Cells activate and inactivate various 
transcription factor genes, change shape and adhesive 
properties, and begin to secrete specialized extracellu- 
lar matrix proteins. Some of these changes result from 
the direct regulation of specific genes by retinoids and 
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FIG. 6. Cell cycle protein levels and Cdk activity in retinoid-treated cells. F9 cells were treated with CT alone or 1 LtMof the indicated 
retinoid and CT for 3 or 4 days. Representatjva autoradiography of ECLrvisoalised Western Wots (A, B) or phosphorylated GST-Rb (O are 
shown. (A and B) 25 of whole cell extract was electrophoresed though 12% (A) or 15% (B) SDS-PAGE gels and then the proteins were 
electroblotted to nitrocellulose. Blots were incubated with antibodies to the indicated proteins and were visualized by enhanced Aemilu- 
minescence. Protein levels were quantitated by densitometry and expresaed as a percentage of the value observed in cells treated withCT 
alone. Data represent two to four experiments; bars, range or SEM. (C) Whole cell extracts were irnmunoprecipitated with antibodies to Cdk4 
or Cdk6. Immnnoprecipitates were then tested for their ability to phosphoryiate bacterialry produced GST-Rb. Reactions were electropho- 
resed on 7.5% SDS-PAGE gels. Kinase activity was quantitated with a phosphorimager and expressed relative to the kinase activity 
measured in CT-treated cells. Extracts immunoprecipitated with normal rabbit serum were not capable of phosphoryioting Rb, indicating the 
specificity of the assay (data not shown). Data represent four experiments. Bars, SEM. RACT- and LGCT-treated cells differed significantly 
from the CT-treated cells in the cdk4 kinase assay CP < 0.01). For the Cdk6 kinase assay, none of the samples differed significantly. 
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their receptors, e.g., Hoxa-l [37, 38], while others are 
secondarily regulated by the products of directly regu- 
lated genes encoding transcription factors. The de- 
creased growth rate of RA- treated F9 cells could result 
from direct regulation of cell cycle genes or by other 
genes regulated during parietal endoderm differentia- 
tion. We have presented an analysis of the c h an g ing 
expression levels of key cell cycle regulatory genes, 
c^xdins Dl, D2, D3, and B, and p27 Up , during F9 cell 
differentiation. We also present evidence that a retin- 
oid-stimulated decrease in proliferation can be un- 
linked from terminal differentiation. 

We observed that two different RXR agonists in- 
creased the doubling time of F9 cells from 16.6 to 20 h 
(Figs. 2 and 3). RXR activation can also slow prolifer- 
ation, without inducing differentiation of a melanoma 
cell line [39]. The inhibition of Cdk4 activity we ob- 
served in F9 cells (Fig. 6C) might explain this de- 
creased growth rate. Unexpectedly, however, cyclin D2 
and D3 protein levels were induced in F9 cells treated 
with RXR agonist (Fig. 6A). The best characterized 
function of the cyclin Ds is to activate Cdk4 and Cdk6. 
However, recent observations support a distinct role 
for the Gl cyclins in differentiated cells [401 . Cyclin D2 
or D3 have been shown to enter into unique protein 
complexes in cells exiting the cell cycle. For example, 
cyclin D3 bound both cyclin E and pl30 in differenti- 
ated myotubes [41] and cyclin D2 bound catalytically 
inactive Cdk2 in fibroblasts entering quiescence [42]. 
In fact, overexpression of cyclin D2 alone inhibited Gl 
progression. An increase in cyclin D3 protein abun- 
dance has also been recently reported as a relatively 
early event in HL-60 cell differentiation [431. Whether 
or not the induction of cyclin D2 and D3 is required For 
the RXR-mediated growth suppression remains to be 
tested, However, the fact that RXR-selective retinoids 
can inhibit proliferation and induce cyclin D2 without 
inducing the complex differentiation program suggests 
that the induction of cyclin D2 during aU-*ra»s-RACT- 
induced differentiation may be involved in cell cycle 
exit rather than differentiation per se. 

Retinoids inhibit the proliferation of most cells; how- 
ever, some normal and malignant cells are stimulated 
to proliferate by retinoids or require retinoids for sur- 
vival [see 44 and Refe. therein!. Indeed, supplements of 
p^arotene, a major dietary precursor to vitamin A, 
were found to increase the cancer rate in smokers [45], 
suggesting that some retinoids promote tumor cell sur- 
vival in vivo. Undifferentiated F9 cells may possess a 
repressive function that prevents growth despite reti- 
noid-induced upregulation of cyclin D2 and D3. This 
function may be absent in cells that require retinoids 
for survival. w 

The complete differentiation of parietal or visceral 
endoderm from F9 embryonal carcinoma stem cells is a 
multistep process initiated by various retinoids that 



activate RARs [131. Retinoids that activate the EXRs 
do not induce differentiation alone, but can synergize 
with 3uboptimal RAR agonist concentrations to cause 
complete differentiation [46, 47]. During F9 cell differ- 
entiation, the expression of numerous genes is up-reg- 
ulated or down-regulated [31]. We tested the anti-pro- 
liferative effects of an RXR agonist on an F9 cell hne 
that is RA responsive, but cannot differentiate, RA-5-1 
cells transcribe Hoxa-1 in response to alRra/ts-RA, but 
fail to terminally differentiate or completely growth 
arrest [20, 29]. AU-*rans-RA-treated RA-&-1 cells grew 
slower than untreated cells, but the response was lim- 
ited relative to that of wild-type F9 cells (Fig. 3B). In 
contrast, the RXR agonist did not alter RA-5-1 cell 
growth. Since RA-5-1 cells were selected by their mu- 
tant phenotype of growth in soft agar containing all- 
fnms-RA [201 and since they initiate, but fail to com- 
plete, the differentiation program [20, 29], RXR- 
mediated decreased growth rate may require a process 
that is impaired in these ceils. 

Normal F9 cell differentiation clearly requires the ac- 
tivity of both RARs and RXRs, because F9 cells lacking 
functional RARs or RXRs were impaired in their ability 
to differentiate in response to all-frwis-RA [17, 48, 49], 
Interestingly, the phenotypes of these cell lines suggested 
that regulation of proliferation by retinoids was partially 
separable from diferentiation. Although all-fiwzs-RA and 
other retinoids foiled to induce the normal gene markers 
of differentiation in RAR-y-null cells, these cells were as 
sensitive as wild-type cells to the antiproliferative effects 
of the retinoids [17, 48]. In contrast, the RXRa-nuIl cells 
also failed to differentiate, but resisted the antiprolifera- 
tive effects of the retinoids [171. Likewise, dominant-neg- 
ative RXR mutant proteins inhibited RA-induced growth 
arrest in F9 cells [50] and RXRo-null cells proliferated 
more rapidly in the absence of retinoid [17]. Our obser- 
vation that two chemically distinct RXR-selective ligands 
decrease the rate of F9 cell proliferation is consistent 
with the hypothesis that an RXR-mediated event directly 
influences cell cycle control in F9 cells. Additionally, the 
antiproliferative effect cf retinoids does not require acti- 
vation of the entire differentiation program. 

The majority of retinoid-regulated genes are effi- 
ciently activated by Ugand-bound RAR in a het- 
erodimer with an unbound RXR [4, 7]. At least one 
dozen, however, bind and are activated by RXR ho- 
modimers in vivo and in vitro [7, 51. 52] . The RXRs also 
bind other hydrophobic ligand receptors such as the 
thyroid hormone, vitamin D, oxysterol, and peroxisome 
prcliferator-activated receptors and Nurr77/NGFI-B 
[8-10]. One of the RXR-agonists with antiproliferative 
effects on our F9 cells (LG268) has been shown to 
directly stimulate the expression of 25-hydroxy-vita- 
min 

D3-24-hydroxylase, a key enzyme catalyzing 1,25- 
dihydroxyvitamin D metabolism, in reporter assayB 
and in mice [52]. RAB0 has been previously shown to 
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be induced by RXR homodimers in vitro [6] and in 
yeast [53] and by RXR agonist in chick limb buds [54] 
and aH-*ra/zs-RA-resistant breast cancer cells [55], We 
also observed that the RXR agonist induced RAR0 
modestly in F9 cells (Fig. 4). Finally, we have shown 
here that RXR agonists induced the abundance of the 
cyclin D2 and D3 RNAs and proteins without RAR 
agonist (Figs. 5 and 6), suggesting that RXRs may 
activate these important cell cycle genes by a mecha- 
nism independent of ligand-bonnd RARs. 

The evidence indicates that aH-trans-BA exerts its ef- 
fects mainly via RAR/RXR heterodimers [4]. However, 
the ability of RXRligands to alter the level of key proteins 
in the metabolic and signaling pathways of diverse sig- 
nals, such as growth hormone, retinoids, and vitamin D 
[51-53], suggests that they can unexpectedly alter the 
response of cells to other ligands and thus influence pro- 
liferation. Our work also indicates that RXR ligands can 
directly influence the ceil cycle apparatus. 
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Summary 

Cyclin Dl is frequently overexpressed in human breast ductal carcinoma in situ (DC1S) specimens, which confer a 
high risk for the development of infiltrating ductal carcinoma. If causally involved in the genesis of human breast 
malignancy, cyclin Dl may represent an interesting target for chemopreventive approaches, as it sits at the junction 
of many growth factor and hormonal pathways. We have used the MCF-10A human breast cell line, derived from a 
mastectomy containing a low risk premalignant lesion, as a model system. Three cyclin Dl transfectants exhibited 
physiologicaUy relevant levels of transgene overexpression, but no coordinate overexpression of other cell cycle 
related genes. Proliferation assays, flow cytometry, and cdk enzymatic assays of anchorage-dependent proliferation 
indicated only a minimal and transient effect of cyclin Dl. In contrast, cyclin Dl overexpression significantly 
stimulated anchorage-independent colonization in soft agar or methylcellulose, accompanied by greater Gl-S pro- 
gression. The cdk4 activity of the control- and cyclin Dl transfectants in colonization assays was comparable, 
but the cdk2 activity was higher in the latter. Injection of control- and cyclin Dl transfected MCF-10A cells in 
matrigel into nude mice failed to produce tumors within 1.5 years. The data suggest that cyclin Dl overexpression 
is an early feature of breast neoplastic progression, and can contribute to cancer development through the promotion 
of colonization. 



Introduction 

While prevention approaches to the development of 
hormone receptor-positive breast cancer have been de- 
veloped [1], continued investigation of the molecular 
pathways contributing to breast malignancy will un- 
doubtedly fuel the rational development of improved 
or more widely applicable preventive agents. One ap- 
proach to this molecular characterization examines 
altered gene or protein expression levels among hu- 
man breast biopsy specimens containing premalignant 
or ductal carcinoma in situ (DOS) lesions, which 
have been associated with stratified risk estimates for 
patient development of invasive breast cancer [2-11]. 



We reported that 80% of DCIS specimens overex- 
pressed cyclin D mRNA, as compared to normal 
ductal/lobular units in the margin of the biopsy spe- 
cimen, A diagnosis of DOS confers on the patient an 
8-10 fold increased risk for the development of invas- 
ive breast cancer. Overexpression of cyclin D mRNA 
was infrequent in atypical ductal hyperplasia (ADH) 
or proliferative lesions, which confer lower risks [12] . 
This finding associated cyclin D overexpression with 
a relatively high risk for breast cancer development 
Gillett et aL [ 1 3] confirmed and extended these data to 
the protein level, where 64% of DCIS overexpressed 
cyclin Dl, in comparison to few lower risk ADH 
cases. Using a different cutpoint, where a case was 
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considered positive if 5% of the tumors stained, Alle 
et al. [14] reported that cyclin Dl expression increased 
from normal epithelial cells, to proliferative lesions 
and ultimately to DOS. Two additional reports found 
cyclin Dl overexpression in DCIS, and that overex- 
pression resulted from multiple mechanisms: gene 
amplification in many comedo or high grade forms, 
and protein overexpressioninnoncomedoorlow grade 
forms [15, 16]. These observations indicate that cyclin 
Dl overexpression is a frequent event in DCIS, as- 
sociated with a high risk estimate, and suggests the 
hypothesis that it functionally contributes to breast 
cancer development 

Cyclin Dl is one of the three members of a set of 
short-lived proteins which are essential activators of 
the cyclin-dependent kinases cdk4 and cdk2 involved 
in Gl cell cycle progression; the cyclin-cdk com- 
plexes can be inhibited by binding of several inhibitors 
(pl6 ink4a , pl^ 4 *, pi and pi specific for 
cyclin EMrdk complexes, and, p21 c * 1 , p27 ki P 1 , and 
p57kip which are inhibitory to other cyclin-cdk com- 
plexes as well) (reviewed in [17, 18]). Recent reports 
indicate that cyclin Dl can serve additional functions, 
including the promotion of gene amplification in fibro- 
blasts, participation in neuronal differentiation and 
apoptosis, modulation of DNA repair, direct activation 
of the estrogen receptor response element in breast 
cells, and binding of the DMP1 transcription factor 
[17, 19-25]. 

Despite years of investigation, the phenotypic role 
of cyclin Dl overexpression in breast cancer devel- 
opment remains incompletely understood. Transgenic 
mice overexpressing cyclin Dl tethered to a MMTV- 
LTR produced hyperplasias, and 8/12 mice developed 
mammary carcinomas with a mean latency of 551 
days [26]. This hyperplastic phenotype differs from 
the human situation, where cyclin D overexpression 
was infrequent in typical or atypical hyperplasias [12, 
13], and the long latency of carcinoma induction has 
suggested that other molecular events are required. 
This study underscores the need for careful analysis 
in human model systems. Two transfection studies us- 
ing 'normal' human breast epithelial cells have been 
reported to date, with somewhat conflicting results 
- Han et al. [27] reported that cyclin Dl overex- 
pressing HBL- 1 00 clones were inhibited in anchorage- 
dependent and -independent growth and mmorigeni- 
city. In contrast, Kamalati et aL [28] reported a growth 
advantage with cyclin Dl overexpression, similar to 
that reported in immortal fibroblasts and several other 
cell types. Interpretation of the data, however, was 



complicated by the SV40 large T antigen expression 
by both cell lines (which may alter the RB pathway 
that cyclin Dl affects), and potentially also by the 
variable presence of other cell cycle related proteins. 

We report herein the effects of cyclin Dl trans- 
fection on the MCF-10A human mammary epithelial 
cell line. The MOM OA line was derived from a 
mastectomy specimen containing premalignant, low 
risk fibrocystic changes and a focus of typical hy- 
perplasia [29, 30]. It exhibits wild type p53, and is 
nontumorigenic. We report that cyclin Dl overexpres- 
sion augmented anchorage-independent colonization, 
suggesting a contributory role to the genesis of human 
breast cancer. 



Materials and methods 

Cell culture and transfection 

MCF-10A cells were grown in DMEM/F-12 (1:1) me- 
dium supplemented with 20 mM HEPES, 5% heat 
inactivated horse serum, OJ^g/ml cholera toxin, 
10^g/ml insulin, lOOU/ml penicillin, 100n,g/mi 
streptomycin, lOng/ml EGF, and 0.5^.g/ml hydro- 
cortisone. The cells were maintained in a humidified 
atmosphere of 95% air, $% CO2 at 37°C. MCF-10A 
cells were infected with culture supematants from 
the amphotropic packaging celt line PA317 (ATCC) 
transfected with pBabe retrovirus vector [31] with 
or without a cyclin Dl cDNA insert [32] under the 
control of a Mo MuLV LTR. Three cyclin Dl over- 
expressing clones were selected from 18 puromycin 
resistant colonies, based on cyclin Dl overexpression 
and lack of other cell cycle protein overexpression; 
three control transfectants (pBabe vector) were ran- 
domly selected Where indicated, pools of control- 
or cyclin Dl transfectants were used, and were made 
by combining equal numbers of cells from the three 
clonal transfectants. 

The KE and GH mutant forms of cyclin Dl [33] 
were subcloned into the pBabe vector. Virus super- 
natant* from PA317 cells, which had been transfected 
with pBabe, pBabe-cyclin Dl, pBabe-cyclin DIKE, 
and pBabecyclin Dl GH were used to infect MCF-10A 
cells, as described above. 

Cell proliferation assay 

To assay anchorage-dependent growth, 200 MCF-10A 
cells in 100 ill medium were plated into each well of 
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96-weIl plates, which were coated in some experi- 
ments with fibronectin or matrigel. Cell proliferation 
was determined using the Cell Titer 96 TM kit ac- 
cording to the manufacturer's instructions (Promega) 
134]. 

Anchorage-independent proliferation assay 

Cell anchorage-independent growth was determined 
by soft agar [35] and methylcellulose culture [36]. For 
the soft agar assay, 0 .5 - 1 x 10 4 cells/ml of MCF- 
10A control and cyclin Dl transfectants were grown 
in 0.5 ml of 03% Ditto agar (Difco) in MCF-10A 
growth medium. The cell suspensions were layered 
over 0.5 ml of 0.7% bottom agar in 24-well plate. 
After two weeks of culture the colonies (>50 cells) 
in soft agar were counted using a grid on the bottom 
of the dish and a microscope. Each point represents 
the mean of three cultures and each experiment shown 
is representative of at least three conducted: 

Cell cycle analysis 

For monolayer culture, 2 x 10 5 cells per 60 mm culture 
dish of MCF-10A control and cyclin Dl transfect- 
ants were trypsinized and flow cytometric analysis was 
conducted on day 3 using propidium iodide staining 
on a Becton Dickinson FACScan flow cytometer [37]. 
For methylcellulose experiments, 1 x 10 6 cells from 
exponential cultures of MCF-10A control or cyclin 
Dl transfectants were grown in 8 ml of 1 % methylcel- 
lulose (Sigma) in 15-ml conical tubes and harvested 
after 24 h of culture for flow cytometry. 

Immunoprecipitation and western blot analysis 

5 x 10 5 cells per 100mm culture dish of MCF-10A 
control- or cyclin Dl transfectants were cultured for 
2.5 days before they were lysed in buffer 1 (PBS with 
1% NP-40, 1 mM PMSF, 5 ixg/ml aprotinin, 5 vgfml 
pepstatin, 10ixg/ml leupeptin, ImM NaF, 10 mM 
P- glycerophosphate, O.lmM sodium vanadate, and 
5mM EDTA). Cellular lysates equivalent to 60 or 
100 jig protein were resolved on an 8-16% SDS- 
PAGE and were transferred to a nitrocellulose mem- 
brane. Western blots were performed using 1 jJtg/ml 
antibodies incubated overnight at 4°C and detected 
by chemiluminescence (DuPont NEN or Pierce). The 
antibodies to cyclin Dl, cyclin D3 f p21, p27, pl6 
(Lab. Vision), and cyclin E, Cdk2, Cdk4, Cdk6, 
p53 (Santa Cruz)* were used. For immunoprecipita- 
tions, 500 p,g lysates were precieared with protein 
j 



A-sepharose (Pharmacia LKB) for 1 h, and the su- 
pernatants were incubated overnight at 4°C with 5 
cyclin Dl polyclonal antibody (Upstate). The immune 
complexes were precipitated by protein A-sepharose 
and resolved on an 8-16% SDS-PAGE which was 
transferred to nitrocellulose. The cell cycle related 
proteins in cyclin Dl complex were detected by west- 
em blot. 

Cyclin Dl kinase (ciUc 4) assay 

Exponential cultures of MCF-10A control or cyc- 
lin Dl transfectants were lysed in lysis buffer 2 
(50 mM HEPES, pH7.5, containing 150 mM NaCL 
2.5 mM EGTA, 1 mM EDTA, 0.1% Tween-20, 10% 
glycerol, ImM DTT, O.lmM PMSF, 5|Xg/ml pep- 
statin, ImM NaF, lOp-g/ml aprotinin, lOmM 
glycerophosphate, and 0*1 mM Sodium vanadate). 
Five hundred microgram lysates were precieared with 
protein A-sepharose before the supernatants were in- 
cubated with 5p.g cyclin Dl antibody (Upstate) for 
3 h at 4°C. The immune complexes were precipitated 
by protein A-sepharose and cyclin Dl kinase activity 
was determined using 0.45 uig GST-Rb (Santa Cruz) 
and lOixCi [y- 32 P]ATP (1CN) as described previously 
[37]. 

Cdk 2 kinase assay 

Exponential cultures of MCF-10A control- or cyc- 
lin Dl transfectants were lysed in lysis buffer 3 
(50 mM Tris-HCl, pH 7.5, containing 250 mM NaCl, 
0.1% TritonX-100) with 0.1 mM PMSF, 5 |ig/ml pep- 
statin, ImM NaF, lO^g/ml aprotinin, lOmM B- 
glycerophosphate, 0.1 mM sodium vanadate, and 
1 mM EDTA. Five hundred micrograms of lysate was 
incubated with 2 p.g anti-cdk2 (Santa Cruz) which had 
been precoated to protein A-sepharose for 3 h at 4°C 
Cdk2 activity was determined using 5 p,g histone HI 
and 10 ixCi [y- 32 P] ATP (1CN) as described previously 
[38]. 

Tumorigenicity assay using nude mice 

Each of MCF- 10A control and cyclin D I transfectants 
was injected subcutaneously into ten 4-6 week old 
female NlH nu/nu mice. 1 x 10 7 cells suspended in 
0. 1 ml of matrigel were injected into the right and left 
dorsal flanks of the mouse [39]. After subcutaneous 
injection, animals were checked fbr palpable lesions 
at weekly intervals. All in vivo procedures were per- 



1900-2ZZ-6L8 



L900-ZZZC6L8) 



2£ : SL 



Z0-ZI-Z00E 



30 QZhouetal. 




Cyclln D1 
Cyclln D3 
Cyclin E 

Cdk2 



Cdk4 




Cdk6 



p21 



C1 



C2 



C3 D1 

I L 



D2 



D3 



p53 



WICF-10A 



Control Cyclin D1 

clones. Western blots of total cell tysates from three independent cyclm Dl tramfectarits <ui. uz, 
transfectants (CI, C2, C3) are shown for multiple proteins. 



formed in compliance with approved N1H animal use 
proposal LP-008, 

Results 

Characterization of cyclln Dl-transfectedMCF-lQA 
breast cells 

MCF-10A cells were transfected with a pBabe retro- 
viral vector containing a cyclin Dl cDNA or empty 
insert Figure 1 shows the cyclin Dl protein levels 
among three independent control clones (CI, C2, C3) 
and three cyclin Dl transfectants (Dl, D2, D3). Five- 
ten fold overexpression was noted in the cyclin Dl 
transfectants. Because studies have reported the over- 
expression of other cell cycle related genes coincident 
with cyclin Dl transfection (27, 40), clones were ana- 
lyzed for cyclin, cdk, and cdk-inhibitor protein levels 



by western blot analysis. We did not find frequent 
overexpression of other cell-cycle proteins in the ma- 
jority of the MCF-10A clonal transfectants. As shown 
in Figure 1, cyclins D3 and E, cdks 2, 4 and 6. p21, 
and p53 were expressed at comparable levels in the 
two sets of transfected clones. p27 was difficult to 
visualize in 100 pig of cell lysate but appeared equally 
expressed (data not shown); other proteins which were 
undetectable in 100 ng of cell lysate included cyclin 
D2 and pi 6. 

Effect of cyclin Dl transfection on 
anchorage-dependent growth 

In the experiments shown in Figure 2, MCF-10A 
clones were cultured under various conditions in mi- 
croliter wells, and anchorage-dependent growth quant- 
itated using a MTT assay. At normal serum concen- 
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Figure 2. Cyclin Dl overexpression induces only a transient increase in anchorage-dependeni growth in MCF-10A breast cells. The anchor- 
s-dependent growth of three ^dependent control transfecmnts (a CZ. and O, dashed lines) and three imtependent cyclin D1 o^fectanrc 
(Dl D2 t and D3, solid lines) was determined on multiple days of culture using a spectrophotometry assay. The mean i sera ahsorhance ot 
triplicate cultures at each timcpoint is graphed under two culture conditions: (A) Normal (10%) serum; (B) Low (0.1%) seruia Qrchn Dl 
transfectants significantly varied &om the control transplants {p < 0.01, student's /-test): Panel A, days 3,7,9; Panel B: days 12, 20. 



trations (Figure 2A), each of the three independent 
cyclin Dl transfectants (solid lines) exhibited a slight 
(30%) increase in cell density through the exponential 
phase of growth (days 3-5 of culture), as compared 
to control transfectants (dashed lines). This increase 
was not maintained, as the cyclin Dl transfectants 
subsequently exhibited a 30% decrease in cell num- 
ber as compared to the control transfectants on days 
7-9 of culture. Similar trends were observed if the 
cells were cultured on fibronectin or rnatrigel (data 
not shown). Growth in low serum media is often con- 
sidered an assay of growth factor independence. The 
cyclin Dl transfectants exhibited similar anchorage- 
dependent growth trends in 0.5% serum, but with a 
longer time course (20 days) and a maximum of 2-fold 
growth stimulation over controls (Figure 2B). 

The relatively minor growth advantage of the cyc- 
lin Dl transfectants was mirrored in their cell cycle 
distribution (Table 1). Flow cytometry of each clone 
on day 1 of culture indicated that 33-35% of the cyclin 
DI transfectants were in S-phase, as compared to 24- 
30% of control transfectants. The increased S-phase 
expression of the cyclin Dl transfectants was at the ex- 
pense of G0/G1 participation. G2/M levels remained 
comparable in all of the transfectants. 

Increased cyclin Dl was observed in the D1-D3 
clones upon immunoprecipitation (Figure 3), confirm- 
ing the western blot data. The increased amount of 
cyclin Dl in these clones was associated with a 2-fold 
increase in cdk4 binding, and a 4-fold increase in the 
amount of p21 bound Low but comparable amounts 
of p27 were found in the cyclin Dl and control trans- 



TMc L Cell cycle distribution of control- and cyclic DI trans- 
ferred MCF-1QA breast cells under anchorage-dependent culture 
conditions 



Clone 


G0 + O1 


S{%) 


G2 + M 




(%) 




m 


CI 


50.5 


30,4 


19.1 


C2 


52.0 


24.5 


23.5 


C3 


52.1 


28.4 


19.5 


Dl 


43.9 


33.6 


22,5 


D2 


44.9 


34.9 


20.2 


D3 


47.1 


34.2 


18.8 



Cells were harvested from semiconftuent cultures and the cell 
cycle distribution analyzed by flow cytometry. Data are from a 
single culture of each transfectant, and representative of three 
independent experiments conducted. 

fectant complexes (data not shown). The enzymatic 
activities of the cyclin Dl-cdk complexes from each 
transfectant were assayed by immunoprecipitation and 
kinase assays (Figure 3B). When anti-cyclin Dl im- 
munoprecipitated complexes were incubated with 32 P- 
yATP and RB in an assay of cdk4 function, a minor 
(25% by densitometry) but repeatable increase in RB 
kinase activity was observed in the cyclin Dl trans- 
fectants. The RB phosphorylation status of the control- 
and cyclin Dl transfectants was comparable on west- 
em blots (data not shown). Cyclin Dl has been repor- 
ted to indirectly affect Cdk2 activity, via its binding 
of common cdk inhibitors [41]. When lysates were 
immunoprecipitated with anti-Cdk2 and tested in a 
histone kinase assay, comparable activity was demon- 
strated in all lysates (Figure 3B) suggesting that this 
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titration of cdk inhibitors had not occurred. Taken 
together, the data indicate that overexpression of cyc- 
linOl in die MCF-IOA breast cell line resulted in a 
minor and ephemeral increase in anchorage-dependent 
growth, which was correlated with a minor increase in 
cdk4 activity. 

Effect ofcyclin Dl transection on 
anchorage-independent growth 

In contrast to anchorage-dependent assays, a signi- 
ficant increase in anchorage-independent colonization 
was observed in each of the cyclin DI transfect- 
ants. This increase was observed using either 03% 
agar (Figure 4A) or l .0% methylcellulose (Figure 4B) 
in the cultures, the latter of which permitted har- 
vest of the cells for subsequent assays. A photograph 
showing representative colonies formed by the cyclin 
Dl transfectants is included as Figure 4C; the three- 
dimensional nature of the soft-agar culture necessarily 
makes some colonies poorly focused. The increased 
colonization potential of the cyclin Dl transfectants 
was maintained through the.limit of our culture condi- 
tions, approximately five weeks. ...y 

Flow cytometry of contraband xyclin jpi .trans- 
fectants harvested , from. .methylcellulose cultures is 
summarized in Table 2. Overall levels of S-phase par- 



ticipation were lower than under anchorage-dependent 
conditions (Table 1), with a greater percentage of 
cells in G0/G1. However, the cyclin Dl transfectants 
contained 18-21% of ceils in S-phase t as compared 
to 9-10% of control transfectants. This represents 
a larger difference than under anchorage-dependent 
conditions. 

In order to investigate the mechanism of anchorage- 
independent colonization further, we determined the 
relative expression levels of cell-cycle proteins in total 
cell lysates from methylcellulose cultures. While cyc- 
lin Dl was overexpressed in the Dl-3 transfectants, 
comparable levels of cyclins D3 and E, cdks 2, 4 
and 6, p!6. p21, p53, and p27 were observed in the 
cyclin Dl and control-transfectants (data not shown). 
Immunoprecipitation of cyclin Dl from anchorage- 
independent cultures and western blot analysis of 
complexes is shown in Figure 5A. The imrminoprecip- 
itations resemble those conducted under anchorage- 
dependent conditions, exhibiting a relatively minor 
increase in cdk4 binding, and a substantial increase 
in p2i binding. Enzymatic activities of the lysates 
under anchorage-independent conditions are shown 
in Figure 5B. The cdk4 activity of the transfectants 
was comparable. In data not shown, the Rb pro- 
tein level and phosphorylation status were also com- 
parable. In a significant diversion from data under 
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anchorage-dependent conditions, the cdk2 activity of 
the cyclin Dl transfectants was present and virtu- 
ally undetectable in the control transfeelants. Thus, 
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4. Cyclin Dl overexpression by MCF-JOA breast cells in- 
creases anchordgB-iodependeiit coloni zarion. The colonization of 
control transfectants (open bars) and cyclin Dl transfectants (filled 
bars) in anchorage-independent assays using 0.3% soft agar (Panel 
A) or \% raethylcellttlose (Panel B) was determined after 2 weeks of 
culture. Each point represents the mean ± sem of triplicate cultures. 
The colonization of the control- end cyclin Dl transfectants was 
significantly different, P < 0 01, student's i-test Panel C shows a 
representative f^iotomicrogmph of soft agar colonies produced by 
the cyclin Dl nansfectant 
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Table 2. Cell cycle distribution of control- and cyclin Dl trans- 
fected MCF-10A breast cells under anchorage-independent 
culture conditions 
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CI 


76.4 


8.9 


14.7 


G2 


74.6 


9.6 


15.8 


C3 


76.0 


9.8 


14.2 


Dl 


65.3 


17.9 


16.8 


va 


63.3 


213 


15.4 


D3 


62.8 


20.4 


16.8 



Cells were harvested after 24 h culture in racthylccllulosc, and 
tie cell cycle distribution analyzed by flow cytometry. Data 
were obtained from a single culture of each trensfectant, and 
are representative of three independent experiments- conducted. 



the increased anchorage- independent colonization of 
cyclin Dl overexpressing human MCF-10A clones 
was associated with a relative increase in cdk2 activ- 
ity. While western blot data established that the 
control- and cyclin Dl transfectants expressed com- 
parable amounts of p21, wc asked if overall levels 
of p21 varied between culture conditions. The west- 
ern blot shown in Figure 5C indicates that* while p21 
levels were comparable between the control- and cyc- 
lin Dl pooled transfectants, p21 was decreased by 
anchorage-independent culture conditions. 

Site directed mutagenesis of cyclin Dl 

MCF-10A cells were transfected side-by-side with a 
control vector, wild type cyclin D 1 , and two cyclin D 1 
mutant constructs. The KE mutation alters the 'cyc- 
lin box* of cyclin Dl such that interaction with cdk4 
is inhibited [33]; the GH mutation abrogates cyclin 
Dl binding to the RB protein [32]. Three clones ex- 
pressing each mutant transfectant were compared to 
control and wild type transfectants (Figure 6A). Ex- 
pression of the KE mutant was high among 14 clones 
analyzed, and three representative independent clones 
were selected; expression levels of the OH mutant 
were lower overall Three wild type cyclin Dl clones 
(D4-D6) were selected which reflected the range of 
overall protein expression, and three control clones 
were randomly selected (C4-C6). 

The colonization potential of each clone is graphed 
in Rgure 6B. Three wild type cyclin Dl transfect- 
ants produced significantly more colonies than con- 
trol transfectants. Colonization by KE overexpressing 
clones' was comparable to that of the control trans- 
fectants, implicating the cdk binding and/or activity 
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Figure 5. Cvdio Dl complex formation and cdlc enzymatic activities under nnchomgc-indcpcntot conditions. A. Ceil ly^atcs froni ttoee 
control transVectams (CI. C2, and O) and three cyclin Dl transfectants (Dl, D2. and D3) were immunoprecipitated wuh: 
and proteins in tbc complex resolved by waiem blot analysis. B. An^vdin Dl or anti<dk2 

for Idnase activity using GST-RB and histone as substrates, respectively. C. Pools of the three control transfectants (Cm) and three cydinDl 
transfectants (Dm) were grown under ancborageHdcpendcnt and -independent conditions, harvested, and western blot analysis of P 2 1 conducted. 



of cyclin DL in its colonization potential in this model 
system. However, destruction of the RB binding mo- 
tif in cyclin Dl did not inhibit colonization. Thus, 
the cyclin Dl-cdk interactive and not the RB asso- 
ciative properties of cyclin Dl were required for its 
potentiation of colonization. 

In vivo growth of the cyclin Dl transfectants 

Injection of a bolus (>10 7 cells) of the parent MCF- 
10A line into mice, either in the presence or absence 
of matrigel, resulted in the presence of small palpable 
nodules which disappeared after several weeks. De- 
rivatives of this line containing mutated ray have oc- 
casionally produced premalignant lesions and tumors 
when injected sc in matrigel 129], so this procedure 
was adopted to test the tumorigenicity of the cyclin Dl 
and control transfectants. Figure 7 shows the results of 



one of two experiments conducted, in which 10 7 cells 
were injected sc within matrigel in each flank of the 
mice. The initial lesion size at injection was compar- 
able between the control- and cyclin Dl transfected 
clones. The lesions from all of the transfectants disap- 
peared by week 8. At one year postinjection no lesions 
appeared palpable, and histological examination of 
H&E stained sections from the injection site contained 
only normal mammary fat-pad structures (personal 
communication, Drs. Maria Merino and Gil Smith, 
NCI), Thus, despite increased colonization potential, 
the cyclin Dl transfectants remained nontumorigenic. 



Discussion 

In order to determine the contribution of cyclin Dl 
overexpression to the genesis of human breast can- 
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cer, model systems which faithftdly reflect the disease 
process must be developed. Several features of the 
model system described herein have been optimized. 
First, cyclin Dl overexpression was obtained in the 
range of 5-1 0 fold. When grains of in situ hybridiz- 
ation were counted in our cohort study, the minimal 
difference denoting overexpression was 2-3 fold, and 
many lesions were double this, in the 4-9 fold range 
[12]. Thus, the degree of overexpression in this trans- 
fection study was consistent with values observed in 
nature. Second, the transacted MCF-10A clones did 



not vary in overall levels of a number of other cell 
cycle related genes, including other cyclins, cdks, cdk 
inhibitors, and p53. Secondary or random changes in 
gene expression have hampered the interpretation of 
other cyclin Dl transfection studies [27, 40]. Third, 
the recipient cell line, MCF-10A, was derived from 
a mastectomy specimen containing low risk prema- 
Iignant breast disease, and approximates the prema- 
lignaiit phenotype. MCF-10A cells exhibit advanced 
features such as immortalization, but normal pheno- 
types in p53, tumorigenicity, etc. To our knowledge, 
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no cell lines exist from a EOS lesion. Fourth, the use 
of methylcellulose cultures for anchorage-independent 
assays has enabled some of the first molecular char- 
acterization of this complex phenomenon. The model 
can be extended in future studies in several directions. 
For instance, the additive or synergistic role of genes 
whose altered expression is prevalent in comedo DOS 
would be of interest Candidates include erb~B-2/Her- 
2/neu, mutated p53, angiogenesis stimulators and in- 
hibitors, etc. Also, studies for other functions of cyclin 
Dl not direcdy related to Gl progression, are of in- 
terest to determine if they also affect the breast cancer 
phenotype. 

We present a characterization of the growth ef- 
fects of cyclin Dl transfection in vitro and in vivo. 
The most salient finding is that overexpression of cyc- 
lin Dl significantly increased anchorage-independent 
colonization of the MCF-10A cells. This can be pos- 
tulated to promote colonization of 'normal' epithelial 
cells in the breast architecture, which may contribute 
to their neoplastic progression. In this model system 
overexpression of cyclin Dl failed to promote full tu- 
morigenicity within a period of 1.5 years. This would 
be consistent with transgenic mouse data if the long 
latency and focal nature of the mammary carcinomas 
were due to a requirement for additional molecular 
events [26^ 42].'. Thus, if our model system is relev- 



ant to human breast cancer, it is likely that cyclin Dl 
overexpression is contributory but not sufficient. 

The complexity of cyclin Dl action is sugges- 
ted by its stimulation of anchorage-independent, but 
not dependent, growth in our model system. Similar 
trends have been reported for cyclin Dl overexpres- 
sion in other cell types, including rodent fibroblasts 
and human gliomas [43], suggesting the generality of 
this phenotype. Other cell cycle genes have also ex- 
erted varying effects on anchorage-independent and 
-dependent growth in transfection studies, but the 
mechanism of differential regulation was unknown 
[44, 45]. Overall levels of many cell-cycle proteins 
as well as those proteins binding cyclin Dl were ex- 
amined from both anchorage-dependent and methyl- 
cellulose cultures, and appeared comparable between 
the control- and cyclin D 1 transfectants. Our data from 
anchorage-dependent conditions indicated that cdk4 
activity was not significantly increased by cyclin Dl 
overexpression, perhaps because of the additional p21 
binding to the complex. Based on the site-directed 
mutation data, the binding of cyclin. Dl to cdks was 
necessary for colonization, however. The formation 
of a cyclin Dl-cdk complex is now known to require 
additional proteins, including p21 and/or p27 [46- 
48], Given the observation that the enzymatic activity 
of this complex was not dramatically changed, the 
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data suggest that the binding activity of the com- 
plex may be important Another potential contrib- 
utor to the anchorage-dependent data is a block in- 
S-phase, which could involve additional unstudied 
mechanisms. 

The most profound difference between the 
anchorage-dependent and -independent cultures lies 
in the dramatic difference in cdk2 activity between 
the cyclin Dl and control transfectants under the lat- 
ter culture conditions. The loss of normal, but not 
transformed, cell growth when changed to anchorage- 
independence has been previously correlated with re- 
duced cdk2, kinase activity [491. One explanation for 
the observed data is that two events, (i) increased eye- 
1m Dl which bound p21 and cdk4, and (2) an overall 
decrease in p2 1 levels in anchorage-independent con- 
ditions, served to titrate-out free p21, resulting in en- 
hanced cdk2 activity. Other proteins unstudied herein 
may also contribute to the observed colonization. A 
similar sequestration of p21 , with concomitant activa- 
tion of cdk2. was recently proposed to mediate estro- 
gen induced growth of breast cells [50, 51]. p2I has 
also been reported to participate in other pathways not 
directly involved in Gl progression, including DNA 
repair, centrosome duplication, and mRNA splicing 
[52-54], and these pathways may be participatory. 
Immunohistochemical studies have detected hetero- 
geneous expression and potential mutations of p21 in 
human breast DOS specimens [55, 561, suggesting 
the potential relevance of this pathway to Ihe human 
disease. Several reports have found opposite trends, 
whereby overexpression of cyclin Dl induced p2i 
expression [43], or where anchorage-independence 
resulted in increased p21 expression |57, 58], Many 
of these findings were mediated by p53, and it may 
be that p53-dependent and -independent pathways 
exist. 

If confirmed in additional human model sys- 
tems, cyclin Dl may represent an interesting tar* 
get for pilot breast cancer chemoprevention studies. 
Our data suggesting a facilitation of Gl-S progres- 
sion in colonization represents a point at which many 
growth factor and hormonal signaling pathways con- 
verge, and thus may be more widely applicable, 
including the estrogen-receptor negative subpopula- 
tion for which we have no effective chemopreven- 
tion regimens yet. Indeed, our laboratory and oth- 
ers have reported that retinoids, which are being 
considered in a chemopreventative setting, decrease 
breast tumor cell line cyclin Dl expression in vitro 
[37,59,60]. 
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Abstract Transgenic mice harboring the eady genome from the human neurotropic JC virus, JCV, develop massive 
abdominal tumors of neural crest origin during 6-8 months after birth and succumb to death a few weeks later. The viral 
early protein, T-antigen, which possesses the ability to transform cells of neural origin, is highly expressed in the tumor 
cells. Immunoblot analysis of protein extract from tumor tissue shows high level expression of the tumor suppressor 
protein, p53, in complex with T-antigen. Expression of p21, a downstream target for p53, which controls cell cycle 
progression by regulating the activity of cyclins and their associated kinases during the C1 phase, is extremely low in the 
tumor cells. Whereas the level of expression and activity of cyclin Dl and its associated kinase.. cdk6, was modest in 
tumor cells, both cyclin A and E, and their kinase partners, cdk2 and cdk4, were highly expressed and exhibited 
significant kinase activity. The retinoblastoma gene product,. pRb, which upon phosphorylation by cyclinsxdk induces 
rapid cell proliferation, was found in the phosphorylated state in tumor cell extracts, and was detected in association 
with JCV T-antigen. The transcription factor, E2F-1, which dissociates from the pRb-E2F-1 complex and stimulates S 
phase-specific genes upon phosphorylation of pRb and/or compiexation of pRb with the viral transforming protein, was 
highly expressed in tumor cells. Accordingly, high level expression of the E2F-1-responsive gene, proliferating cell 
nuclear antigen (PCNA}, was detected in the tumor cells. These observations suggest a potential regulating pathway that, 
upon expression of JCV T-antigen, induces formation and progression of tumors of neural origin in a whole animal 
system. J Cell. Biochem. 67:223-230, 1997. © 1997 Wiley-liss. inc 

Key words: human JC virus; p53; T-antigen; transgenic mice; tumor cells 



Tumors of neural origin are among the most 
common malignancies seen in both children 
and adults. Analysis of the genetic abnormali- 
ties that underlie such tumors has implicated a 
functional role for several oncogenes and tumor 
suppressor genes, including p53 and pRb [for 
review, see Wong et al., 1994]. De-regulation of 
both p53 and pRb has been extensively exam- 
ined, with indications of a high incidence of 
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mutations in these genes in astrocytoma [Wong 
et aL, 1994], The paradigm of virus-induced 
tumors represents an excellent model system 
for in vivo analysis of tumor progression. The 
association of viral oncogenic proteins, includ- 
ing SV40 T antigen and adenovirus E1A, with 
p53 and pRb, which may functionally inacti- 
vate these cell proliferation controllers is remi- 
niscent of de-regulatory events observed in hu- 
man tumors [Lang et al., 1994; Manfredi et al., 
1991; Schlegel et aL, 19931. While the associa- 
tion between viruses and human tumors of 
neural origin has been weakly established, there 
have been several documented cases of patients 
v with central nervous system (CNS) neoplasms 
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and reactivation of papovaviruses including sim- 
ian virus 40 (SV40) and JC virus (J CV) [Bergsa- 
gel et aL, 1992; GiaRusso et aL, 1978; Lednicky 
et al., 1995; Rencic et al., 1996; Sima et al., 
1983]. 

JCV is a human papovavirus known to cause 
the fatal demyelinating disease, progressive 
multifocal leukoencephalopathy (PML) [Padgett 
et al., 1971; ZuKhein and Chou, 1965]. Similar 
to other papovaviruses, the early region of the 
viral genome encoding the early protein, T- 
antigen is expressed prior to viral DNA replica- 
tion. The early genome is separated hy the viral 
regulatory sequences from the late region, which 
is responsible for production of the capsid pro- 
teins during the late phase of the viral lytic 
cycle [for review, see Frisque and White, 1992], 
The neuro-oncogenic potential of JCV has been 
well established in several experimental ani- 
mals, including Syrian hamsters, owl, and squir- 
rel monkeys [London et al., 1978; Miller et al., 
1984; Nagashima et al., 1984; Varakis et al., 
1976; Walker et al., 1973; ZuRhein and Varakis, 
1975, 1979]. The ability of JCV to induce neural 
origin tumors is likely attributed to the viral 
early protein, T-antigen, whose expression is 
restricted to neural cells [Raj and Khalili, 1995] 
and exhibits greater that 75% sequence homol- 
ogy to its well-characterized SV40 counterpart 
[Frisque et al., 1984]. In support of this concept, 
earlier reports along with our recent findings 
[Franks et al., 1996; Small et al., 1986] indicate 
that expression of JCV T-antigen in mice leads 
to the development of neural crest origin tu- 
mors in which the JCV early protein is highly 
expressed in the tumor tissue. This paper 
presents the results of our biochemical analysis 
of tumor tissue from transgenic mice in which 
levels of expression and activity of several cell 
cycle regulatory proteins including the tumor 
suppressors p53 and pRb have been evaluated, 

METHODS 
Transgenic Mice 

Transgenic mice were generated by conven- 
tional methods as described previously [Gordon 
and Ruddle, 1983]. Briefly, a 3.2-kb BalVNcil 
DNA restriction fragment of the JCV early- 
control region and the coding sequence for the 
viral early gene was injected into fertilized 
mouse oocytes generated by FVB/N mouse mat- 
ing- The transgenic animals were identified by 
Southern blot analysis of DNA isolated from 
the tails upon treatment with EcoBl. The posi- 



tive mice were observed daily for phenotypic 
manifestations, i.e., sluggish appearance with 
disheveled fur and distended lower abdomen, 
and formation of tumors as described previ- 
ously [Franks et aL, 1996], 

Reagents 

Monoclonal antibodies to SV40 T-antigen 
(Ab-2) and to p53 (AH) were obtained from 
Oncogene Science. Purified mouse anti-human 
Rb (G3-245) detecting mouse Rb protein was 
obtained from Fharminigen (San Diego, CA). 
Antibodies to cyclins, cyclin-dependent kinases 
(cdks), E2F (KH95), PCNA (PC10), and p21 
(M-164) were obtained from Santa Cruz Biotech- 
nology (Santa Cruz, CA). 

Protein Extract Preparation and Analysis 

Tbtal protein extracts were prepared from 
tumor, brain, 3pleen, and kidney of adult trans- 
genic mice and age-matched control animals by 
the method described previously [Franks et al., 
1996], Briefly, 0.5 mg of tissue was homog- 
enized in TNN buffer containing 50 mM Tris- 
HC1 (pH 8.0), 150 mM NaCl, 0.05% NP40, and a 
mixture of protease inhibitor cont ainin g aproti- 
2 pgfml, leupeptin 10 ug/ml, pepstatin 10 
ug/ml, PMSF 100 ug/ml, and TPCK 100 ug/ml 
The homogenate was centrifuged for 15 min at 
14,000 rpm, and the supernatant was collected 
and stored at -70°C for further analysis. All 
procedures for protein preparation were per- 
formed at 4°C. To measure the level of protein 
by direct Western blot analysis, approximately 
50 ug of protein was fractionated by 12% so- 
dium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) and, after transfer to 
nitrocellulose, reacted with the specific antibod- 
ies as described previously [Franks et al, 1996]. 
lb examine the association of T-antigen with 
p53 or pRb, 200 ug of nuclear extract were 
incubated with anti-T-antigen, anti-p53, or anti- 
pRb antibodies overnight and the immune com- 
plexes pulled down with Pansorbin and washed 
and analyzed by immunoblotting with the sec- 
ondary monospecific antibodies. Proteins were 
detected by enhanced chemi luminescence (ECL, 
Amersham, Arlington Heights, EL). 

Assay of Kinase Activity 

Kinase activity was measured as a result of 
histone HI phosphorylation in the presence of a 
given kinase or cdk as described previously 
[Kim et al., 1994]. Briefly, 150 pg of total pro- 
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tein extract from normal and transgenic tissues 
was immunoprecipitated overnight at 4°C with 
specific antibodies. Twenty ul of a 50% suspen- 
sion of packed protein A-Sepharose beads in 
TNN lysis buffer was added and incubated at 
4°C for 1 h. The iinmunoprecapitates were as- 
sayed for kinase activity for 20 min in reaction 
buffer containing 50 mM Tris-HCl (pH 7.5), 10 
mM MgCl 2l 1 mM DTT, 50 pM ATP, 5 uCi 
[7 32 P]-ATP, and 200 ug/ml calf thymus histone 
HI (Sigma, St. Louis, MO) in a final volume of 
50 ul. The reaction was carried out at 30°C for 
20 min and stopped by the addition of 50 ul of 
sample loading buffer Phosphorylated histone 
HI was identified following SDS-PAGE and 
autoradiography. 

RESULTS AND DISCUSSION 

Hie large T-antigen of JCV is composed of 
695 amino acids with 70% sequence homology 
to the weU-characterized SV40 large T-antigen 
[Frisque et aL, 1984], One of the most highly 
homologous regions between JCV and SV40 
T-antigen (amino acid residues 259-517) par- 
tially overlaps with the region important for 
complex formation with the cellular tumor sup- 
pressor protein, p53. Despite sequence conser- 
vation in the regions encompassing p53 binding 
sites, the interaction between p53 and JCV 
T-antigen has not been completely established. 
In earlier studies, analysis of protein from owl 
monkey brain tumors induced by intracerebral 
inoculation of JCV revealed nuclear expression 
of JCV T-antigen, which was not associated 
with the host p53 protein [Major and Traub, 
1986; Major et aL, 1984]. However, in later 
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Fig. 1. Expression of p53 and jCV T-antigen in tumor and 
nontumor tissue of a transgenic animal. A: Protein extracts from 
brain, spleen, kidney and tumor of JCV T-antigen transgenic 
mice were immunoprecipitated with monoclonal antibody 
against p53 (lanes 1-4) or with monoclonal antibody against 
SV40 T-antigen that cross reacts with JCV T-antigen (lane 5). 
Immunocompiexes were resolved by SDS-PAGE and, after trans- 



studies, the association of JCV T-antigen with 
p53 was detected in cell extracts from a glioblas- 
toma developed upon intracerebral inoculation 
of a juvenile owl monkey with a cell suspension 
of an explanted JCV-induced glioma [Major et 
aL, 1987]. In order to determine the level of p53 
in tumors developed in the JCV T-antigen trans- 
genic mice and to assess its association with 
JCV T-antigen, protein extract from tumor and 
several nontumor tissues were prepared and 
reacted with anti-p53 and anti-T-antigen anti- 
bodies and immunocompiexes were analyzed 
by Western blot utilizing antibodies against 
T-antigen and p53, respectively. Figure 1A illus- 
trates results from immunopredpitation, using 
anti-p53 antibody (lanes 1-4) and anti-T-anti- 
gen antibody (lane 5), followed by Western blot 
using anti-p53 antibody. As evident from this 
study, in contrast to its undetectable level in 
brain, spleen, and kidney substantial levels of 
p53 are expressed in tumor tissue (compare 
lanes 1-3 with lane 4) and significant amounts 
of this protein were found associated with 
T-antigen (compare lanes 4 and 5). It is likely 
that the association of T-antigen with p53 pro- 
longs the half-life of p53 and results in the 
high-level accumulation of this protein in tu- 
mor tissue. In the reciprocal experiment, the 
level of T-antigen and its association with p53 
was determined by Lrnmunoprecipitation and 
Western blot. As shown in Figure IB, an ex- 
tremely low level of T-antigen was detected in 
brain and kidney, but not in the spleen of trans- 
genic mice (lanes 1-3). JCV T-antigen was 
highly expressed in tumor tissue and was found 
in complex with p53 (Fig. IB, lanes 4 and 5). 
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fer to nitrocellulose, were subjected to Western blot analysis 
with antibody detecting p53. B: Protein extracts from brain, 
spleen, kidney, and tumor of transgenic mice were incubated 
with monoclonal antibody against 5V40 T-antigen (Janes 1-4) or 
with monoclonal antibody against f>53 (lane 5), and immunopre- 
cipitates were subjected to Western blot analysis using arrti-T- 
antigen antibody. 
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Previous studies have indicated that expres- 
sion of p21, an inhibitor of cell proliferation, is 
upregulated by p53 [for review, see Cox and 
Lane, 1995; Hartwell and Kastan, 1994]. To 
examine the level of p21 in tumor tissue where 
a high amount of p53 has been detected in 
association with T-antigen, we performed West- 
ern blot analysis of protein extracts from tumor 
and nontumor tissues obtained from transgenic 
and age-matched control animals. As shown in 
Figure 2, despite a high level of p53 in the 
tumor tissue, extremely low levels of p21 were 
detected in these cells, suggesting that upon its 
association with JCV T-antigen, p53 may lose 
its ability to stimulate transcription of the p21 
gene. Also, we observed that the level of p21 is 
significantly higher in the brains of transgenic 
mice compared to its level in age-matched con- 
trol mouse brain. This is an intriguing observa- 
tion, suggesting that overexpression of p21, 
through a p53 independent pathway, may par- 
ticipate in a pathway that prevents formation 
of tumors in the brains of transgenic mice. 

p21 prevents cell cycle progression by bind- 
ing to regulatory complexes composed of one of 
the cyclins and their partner kinases, cyclin 
dependent kinases (cdks) [Scherr, 1996]. There- 
fore, in the next series of studies, we assessed 
the level and activity of cyclins and their associ- 
ated kinases in tissue from transgenic and age- 
matched control animals. As shown in Figure 
3A, a high level of cyclin E was detected in 
tumor tissues. No dramatic variations in the 
level of cyclin E were observed in various tis- 
sues from transgenic mice versus those from 
control animals. The examination of HI kinase 
activity of complexes obtained by immunopre- 
cipitation with anti-eyclin E antibody revealed 
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Fig, 2. Expression of p2 1 i n various tissues from transgenic and 
control age-matched mice. Equal amounts of crude protein 
extracts {50 ug) from various tissues of normal (Unes 1-3) and 
transgenic animals (lanes 4-7) weie analyzed by Western blot- 
ting using anti*p21 antibody. 



substantial kinase activity in extracts from tu- 
mor tissue as well as in brains and spleens of 
transgenic mice. Of interest, in control mouse 
brain where the level of cyclin E was compa- 
rable to that from transgenic animals, cyclin E 
exhibited no kinase activity. The evaluation of 
cyclin A expression by Western blot and its 
kinase activity by HI kinase assay revealed a 
pattern very similar to that described for cyclin 
E. As shown in Figure 3B, a high level of cyclin 
A which correlated with its kinase activity was 
observed in the tumor tissue (lane 7). Similar to 
cyclin E, significant kinase activity was associ- 
ated with the cyclin A complex obtained from 
the brains of transgenic mice. Next, we evalu- 
ated the kinase activity of cdk2, a cyclin- 
dependent kinase which is found in complex 
with cyclins E and A during Gl and S phases, 
respectively. As illustrated in Figure 3C, differ- 
ent levels of cdk2 were detected in various 
tissues from transgenic mice, and ail were com- 
parable to those seen in tissues from control 
animals. Of interest, the cdk2 complex from 
tumor tissue exhibited high levels of kinase 
activity as determined by HI kinase assay (Jane 
7). These observations suggest that in non- 
tumor tissue cdk2 may be associated with in- 
hibitors which prevent its kinase ability. 

We next extended our studies and focused 
our attention on the early Gl regulators, includ- 
ing cyclin D and its associated kinases, cdk4 
and cdk6. As demonstrated in Figure 4A, cyclin 
Dl was expressed in a variety of tissues, includ- 
ing tumor and exhibited a modest kinase activ- 
ity. Similarly, as shown in Figure 4B, cdk4 was 
produced in a variety of tissues from control 
and transgenic mice with the highest levels 
observed in tumor cells. Interestingly, in con- 
trast to its high level, no significant kinase 
activity was associated with the cdk4 com- 
plexes in tumor and non-tumor tissue. Analysis 
of cdk6 expression indicates lower levels of cdk6 
in tumor and in brains of normal and trans- 
genic mice (Fig. 4C). Regardless of its high 
levels in spleen and kidney, cdkS showed no 
significant kinase activity in these cells. The 
cdk6 complex from brain, spleen, and tumor of 
transgenic mouse exhibits a modest kinase ac- 
tivity (Fig. 4C). 

In the next series of experiments, we raised 
the question of whether the observed increased 
kinase activity of cyclin E, cyclin A, and cdk2 in 
tumor tissue correlates with the levels of phos- 
phorylated pRb, a tumor suppressor which upon 
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Fig. 3. Expression of cyclin E, cyclin A, and their associated 
kinase, cdks, activity in tissues from control and transgenic 
mice. Western blot analysis of protein extracts from various 
tissues of normal (lanes 1-3) and transgenic (lanes 4-7} mice, 
using anti-cycl In E (A, (Op), antt-cyclin A (B, top), and ami-cdk2 
(C, top) antibodies. H1 kinase analysis of cydin E (A, bottom), 
cyclin A (B, bomm, and cdks (C, bottom) immunotomplexes 
obtained from various tissues from normal and transgenic mice. 



phosphorylation loses its ability to restrain cells 
in the Gl phase [Scherr, 19961. Also, as complex- 
ation of several viral oncoproteins, including 
JCV T-antigen with pRb, may lead to functional 
inactivation of pRb, as well as induction of 
uncontrolled cell proliferation [Scherr, 1996], 
we sought to examine the state of pRb phosphor- 
ylation and the level of its association with JCV 
T-antigen. As shown in Figure 5, whereas a 
hypophosphorylated form of pRb was detected 
in a variety of tissues from transgenic mice, 
extracts from tumor tissue showed an addi- 
tional band corresponding to the phosphory- 
lated form of pRb. Moreover, results from West- 
ern blot analysis of the protein complexes pulled 
down by anti-T-antigen antibody suggest that 
JCV T-antigen may remain in complex with 
pRb in tumor tissue (Fig. 5A, lane 5). Results 
from the reciprocal experiment in which anti-T- 
antigen-specific immunocomplexes were ana- 
lyzed for ,the presence of pRb verified the asso- 
ciation of pRb and T-antigen in extract from 
tumor tissue. 

One consequence of pRb phosphorylation 
and/or its association with JCVT-antigen would 
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be liberation of E2F-1 from the pRb-B2F-l 
complex. E2F-1 is a DNA binding transcription 
factor which upon binding to its consensus se- 
quence stimulates expression of a group of S 
phase specific genes including its own. Hence, 
in the next study, we determined the level of 
E2F-1 in tissues from transgenic animals. As 
shown in Figure 6A, whereas the lowest level of 
E2F-1 was detected in the brain of the trans- 
genic animal (lane 1), a high level of E2F-1 was 
observed in tumor tissue (lane 4). Thus it is 
likely that the liberated E2F-1 in tumor cells 
positively autoregulates transcription of its own 
promoter and results in high level production of 
this protein in tumor tissue. 

In the last series of studies, we examined the 
level of proliferating cell nuclear antigen 
(PCNA), a protein whose expression is en- 
hanced by E2F-1 during the S phase [Scherr, 
1996]. As shown in Figure 6B, significant 
amounts of PCNA were detected in tumor tis- 
sue (lane 7). The level of PCNA in other tissues 
from transgenic mice was comparable to those 
from control animals. 



6/9 d 190Q-ZZZ-618 



L900-ZZZ<618> 



2Z:9l Z0-ZI-Z002 



228 
A. 



Krynska et al. 

. B. 



CONTROL TRANSGENIC 



CONTROL TRANSGENIC 



Cycoi 



£ £ f i f * & i * f i f * * 

^| «*4 Q £ 



1 2 3 4 5 6 7 




1 2 3 4 5 6 7 



Hfetone H1 




HistoneHI Q 




-I 2 3 4 5 6 7 



CONTROL TRANSGENIC 



<l 2 3 4 5 6 7 



/ £ f i f f £ 



CdK6 I I 



Kistone HI 




Fi* 4. Identification of cyciin D, and its associated kinases 
(cdk4 and cdk6) activity in normal and transgenic 
nodctection of cyciin D, (A, wpl cdk4 (B, top), and cdk6 (C, 
top) in protein extracts from normal (lanes 1-3) and transgen.c 
animats (lanes 4~7i using specific monodonal ^ttodie^Cyc- 
lin r> (A, bottonH, cdk4 (B, bottom), and cdk6 (C bottom) 
complexes were immunoprecipitated from protein extracts pre- 
pared from normal (lanes 1-3) and transgenic mice Janes 4-A 
Kinase activity of the complexes was determined by htstone h i 
assay. 
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Fit 5- Expression and association of JCV T-antigen with the 
tumor suppressor protein, pRb. As Proteins extracted from brain, 
spleen kidney, and tumor of transgenic mouse were tmmunopne- 
cipitatedwith monoclonal antibody against rrtinobtetoma pro- 
tein (pRb) (lanes 1-4) and with monodonal antibody against 
T-antigen (lane 5). Immunopredpiutes were fractionated by 
SDS-PACE, transferred to nitrocellulose, and subjected to West- 
ern blot analysis with a monoclonal antibody against retinoblas- 

In summary, we performed an interrelated 
series of experiments to evaluate the level of 
expression and activity of various cell cycle 
controllers in order to obtain some insight into 
the molecular pathogenesis of JCV T-antigen- 
induced CNS tumors in transgenic animals. 
Based on our observations, we provide a work- 
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toma protein thai detects both phosphorated (ppRb) and Its 
hypc^tHphoiylated (pRb) forms. Bt Proteins from tumorj fesue 
o&erfcmice wereprepared and immunopreapiBted with 
monoclonal antibody against T-antlgen (Jane 1} or wrth mono- 
clonal antibody against pRb (lane 2). Irnmunopreoprtates were 
fractionated by SDS-PAGE, and after transfer to nitrocellulose, 
incubated with antibody to T-antigen. 



ing model as schematized in Figure 7. Accord, 
ing to this model, the association of JCV T- 
antigen with p53 may block the ability of p53 to 
induce p21WAFl, a protein which inhibits cy- 
dhvcdk activity. De-regulation of the partici- 
pant cyclins, in particular cyclins E and A, and 
their associated kinases, may in turn lead to 
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Fig. 6. Expression of transcription factor E2F-1 and ite respon- 
sive gene, PCNA, in experimental animals. A: Equal amounts of 
protein extract (50 ug} isolated from brain, spleen, kidney and 
tumor of transgenic mice were subjected to Western blot analy- 
sis with monoclonal antibody against the transcription factor, 




E2F-1 . B: Fifty ug of total protein extracted from various tissues 
of normal (lanes 1-3) and.transgenic animals (lanes 4-7) were 
analyzed by Western blotting with antibody that recognizes 
PCNA. 



the phosphorylation of pRb and the liberation 
of E2F-1. The release of E2F-1 from the pRb- 
E2F-1 complex may also be accomplished by 
the association of JCV T-antigen with pRb. As 
levels of E2F-1 increase in cells, E2F-1 may 
induce its own gene expression, as well as those 
from other S-phase- specific promoters such as 
PCNA, and promote rapid entry of cells into S 
phase. Perhaps it should be mentioned that 
none of the transgenic mice created in our labo- 
ratory [Franks et aL, 19961 and others [Small et 
al., 19861 developed tumors in brain. The re- 
sults of this study may also provide important 
clues as to why JCV T-antigen fails to induce 
tumors in the brains of experimental animals. 
For example, elevated levels of p21 in the brains 
of transgenic mice by a p53-dependent pathway 
may be an underlying mechanism for the con- 
trol of cell proliferation and the lack of tumors 
in brains of these mice. Results from studies on 
cyclins A and E suggest that despite their com- 
parable levels, complexes associated with these 
two cyclins in transgenic mouse brain possess 
more kinase activity than those from control 
mice. The issue may become even more compli- 
cated as their cdk partner, cdk2, which is pro- 
duced at modest but detectable levels, exhibits 
no kinase activity. Thus, one may speculate on 
the involvement of other kinases in association 
with cyclins A and E in these cells. In light of 
our data showing high level kinase activity of 
cyclins A and E, one may anticipate the detec- 
tion of the phosphorylated form of pRb in tumor 
cells. It was noted, however, that the increased 
kinase activity of cyclins A and E in the brain 
may not correlate with the level and status of 
pRb in brain cells, as low but detectable levels 
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Fig. 7. Proposed pathway by which JCV T-antigen induces 
tumors in experimental animals. Wild type p53 has the capacity 
to augment transcription of p21 WArM, an inhibitor of cyclin 
kinases, including cyclins E and A and their associated kinases. 
A decrease in kinase activity of cyclin:kinase maintains pRb In a 
hypophosphoryiated state, which in turn sequesters the transcrip- 
tion factor, E2F1. The association of JCV T-antigen with p53 
abrogates the ability of pS3 to exert its regulatory action via 
p21 WAM. In addition, the association of JCV T-antigen with 
pRb may liberate E2F-1 from pRb:E2F-1 complex and permit 
EZM to induce transcription of S-phase-specific genes. 



of pRb in the phosphorylated state were pre- 
sent in brain tissue. 

Currently we are in the process of evaluating 
the role of other tumor suppressor proteins 
which may regulate cyclin activity in tumor 
and brains of transgenic mice, and are investi- 
gating the role of other Rb family members in 
JCV-induced tumors in transgenic animals. 
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Activation of Cdk4 and Cdk2 During Rat Liver Regeneration 
Is Associated With Intranuclear Rearrangements 
of Cyclin-Cdk Complexes 
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Partial hepatectomy (PH) triggers the entry of rat liver 
cells into the cell cycle. The signals leading to cell-cycle 
activation converge into a family of kinases named cyclin- 
dependent kinases (cdks). Specific cyclin-cdk complexes 
are sequentially activated during the cell cycle. Cyclin 
D-cdk4 and cyclin E-cdk2 are activated during the G l phase, 
cyclin A-cdk2 is activated during the S phase, and cyclin 
B-cdkl during mitosis. In the present study, we have 
examined the liming of the activation of cdk4 and cdk2, the 
intracellular location of Gi/S cyclins and cdks, and the 
relationship between location and cdk4 and cdk2 activities 
during rat liver regeneration after a PH. Results showed that 
the activity of both kinases started at 13 hours and showed 
mavimal levels at 24 hours after hepatectomy. In quiescent 
cells, cyclin D3 and cdk4 were cytoplasmatic, whereas 
cyclin Dl was nuclear. At 5 hours after hepatectomy, cyclin 
D3 and cdk4 began to move into the nucleus, and at 13 
hours, they were mostly nuclear. During the first 13 hours 
after hepatectomy, significant amounts of cyclin Dl-cdk4 
and cyclin D3-cdk4 complexes were formed, but they were 
mostly inactive. At 24 hours, these complexes were maxi- 
mally activated. This activation was associated with the 
accumulation of cyclin Dl, cyclin D3, and cdk4 in a nuclear 
subfraction extractable with nucleases. At 28 hours, the 
activity of cdk4 in this nuclear subfraction decreased when 
cyclin Dl moved from this fraction to the nuclear matrix 
(NM) and the levels of cyclin D3 diminished. The maximal 
activation of cdk2 at 24 hours was also associated with the 
accumulation of cyclin E, cyclin A, and cdk2 in this 
nudease-sensitive fraction. The inactivation of cdk2 at 28 
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hours was associated with a strong decrease in cdk2 in this 
nuclear subfraction. Thus, results reported here indicate 
that the activation of cdk4 and cdk2 observed in rat liver 
cells after a PH is associated with a specific intranuclear 
location of these cdks and their associated cyclins. (Hepatol- 
ogy 1999,29:385-395.) 

Tn pericellular organisms, the cell cycle is regulated by 
growth factors, anchorage to the extracellular matrix, and 
contact inhibition. These extracellular factors generate Intra- 
cellular signals that finally converge Into a family of serine- 
threonine kinases, named cyclin-dependent kinases (cdks), 
which act as molecular integrators of the signals that regulate 
cell-cycle progression. 

The liver contains hepatocytes (85%-95% of the hepatic 
mass) and nonhepatocytes (5%-15% of hepatic mass). In 
normal livers from adult animals, all these cells are quiescent 
They can proliferate in response to the loss of liver mass 
produced, for example, by partial hepatectomy (PH). 1 Liver 
regeneration triggered by PH is a useful model for the study of 
the cell cycle, because it permits the analysis of cell prolifera- 
tion in vivo. Hepatocytes from hepatectomized rats enter the 
G 5 phase immediately after PH. DNA synthesis begins 14 
hours after surgery and is maximal at 22 to 24 hours. A peak 
of mitosis is produced at 28 to 30 hours. The nonhepatocytes 
start DNA synthesis 24 hours later than hqiatocytes. Seven 
days after PH, all liver cells have divided once or twice and 
the liver has recovered its original mass (for review, see Steer 2 
and Michalopoulos and DeFrances 3 ). 

The proliferation of hepatocytes after PH occurs in re- 
sponse to the action of o^nsforrning growth factor a, 4 
epidermal growth factor, 5 and hepatocyte growth factor* (for 
review, see Fausto et al. 7 ). Before responding to these growth 
factors, hepatocytes must be sensitized by a process called 
"priming " which seems to be induced by agents such as 
tumor necrosis factor a. 8 Sensitized hepatocytes' respond to 
the growth factors activating the cell-cycle regulatory machin- 
ery and thus entering into the cell cycle. How the cell-cycle 
regulatory machinery is activated after PH is mostly un- 
known. 

To become active, cdks must be associated with regulatory 
suhrnits called cyclins. Specific cyclin-cdk complexes are 
activated at different intervals during the cell cycle. Thus, 
cyclin D-cdk4 complexes are activated at mid-Gi, cyclin 
T£-cdk2 complexes are necessary for Gi/S transition, cyclin 
A-cdk2 for progression of DNA replication, and cyclin B-cdkl 
for mitosis entry (for review, see Sherr, 9 Pines, 10 and Grana 
and Reddy 11 ). In addition to cyclin binding, the activity of 
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cdks is regulated by a variety of mechanisms (reviewed in 
Morgan 12 ): 1) phosphorylation of a conserved threonine 
residue by the cdk-activating kinase (CAK), which is formed 
by cdk7 associated with cyclin H u > 1+ ; 2) dephosphorylation 
of specific threonine and tyrosine residues by the phospha- 
tase, cdc25 13 ; and 3) binding of a number of proteins called 
cdk inhibitors (CiOs). Two families of CKls have been 
described: the lnk4 family and the Cip/Kip family. 16 The Ink4 
members include pie""**, pl5 taJt4h . pl8 mk * and pl9^. 
They bind specifically to cdk4 and to its homologue, cdk6. 
The Cip/Kip proteins (pH^ 1 , p27 IG P\ and p57 Ki P 2 ) bind to 
and inhibit the activity of a wide range of cyclin-cdk 
complexes, including cyclin D-cdk4/6, cyclin E-cdk2, and 
cyclin A-cdk2. 

In spite of the increasing amount of information concern- 
ing the regulation of the activity of cdks, the mechanisms of 
how cdk4 and cdk2 are activated and inactivated in vivo 
remain obscure. In some cell types such as T lymphocytes, 
macrophages, fibroblasts, and epithelial cells, it is assumed 
that quiescent cells contain low levels of D-type cyclins. 
Upon stimulation by growth factors, the expression of D-type 
cyclins increases, and then cyclin D-cdk4 complexes can be 
formed. 1718 The assembly of cyclin D-cdk4 complexes re- 
quires an assembly factor whose activity is also induced by 
the autogenic factors. 18,19 The full activation of cyclin D-cdk4 
complexes also needs the action of CAK and cdc25A. Z0 

During progression of the Gi phase, the activation of cyclin 
D-cdk4 complexes is responsible for the phosphorylation of 
the retinoblastoma protein (pRb) 21 and the other members of 
the pocket family (pl07 and pl30). 22 When hypophosphory- 
lated, the pocket proteins bind to the members of the E2F 
family, of transcription factors and inactivate their function. 22 
Free E2Fs are able to transactivate the expression of certain 
genes, e.g., dihydrofolate reductase, Orel, proliferating cell 
nuclear antigen (PCNA), and DNA polymerase a, which are 
necessary for Gj/S transition (reviewed in Lam and La 
Thangue, 23 and Mayol and Graiia 22 ). When pocket proteins 
are phosphorylated during G t , E2Fs are released and the 
transcription of S-phase genes is activated. Cyclin E-cdk2 
complexes also phosphorytate the pocket proteins, although 
the major role of these complexes is accomplished in the 
transition Gi/5, possibly by phosphorylating key proteins 
involved in the "firing" af DNA replication* 24 

The mechanisms leading to the inactivation of cyclin 
D-cdk4 and cyclin E/A<dk2 complexes are also unclear. A 
possible way for cdk inactivation is by degradation of the 
cyclin subunits; however, because at least the levels of the 
D-type cyclins exhibit only moderate variations during the 
cell cycle, other processes to explain cdk inactivation must be 
considered 

Recently, it has been reported that most of the proteins of 
the cell-cycle regulatory machinery are already present in 
normal rat liver cells. 25 " 32 These reports also revealed that the 
levels of some of these proteins increase during liver regenera- 
tion. However, studies on the mechanisms involved in the 
activation and inactivation of the cdks are lacking in this in 
vivo model. Here, , we analyze the formation, activation, and 
inactivation of cyclin D-cdk4 and cyclin E/A-cdk2 complexes 
during rat liver regeneration. 

MATERIALS AND METHODS 

Animals endPth. Two-roonuVold male Sprague-Dawley rats (200- 
250 g) were used for all the experiments. The animals were treated 



according to the European Community laws for animal tare. Kars 
were maintained on a 12-hour-lighi/12-honr-darkness schedule. 
Food and water were provided ad libitum* and before PH, rais were 
fasted overnight. PHs were performed according to Higgings and 
Anderson, 1 hi which 66% of liver mass was removed under light 
ether anesthesia. Rats were refed immediately after surgery Sham- 
operated rats were used as controls. 

Antibodies. The antibodies used in this study are summarized in 
Table 1. 

preparation afCdhdar and Nuclear Fractions. Three to six livers from 
nonoperated, from animals at different times after PH, or at different 
times after a sham operation were homogenized with a Potter- 
Elvshjem Teflon-glass homogenizer (Wheaton, Millville, NJ) in 10 
vol of STM buffer (230 mmoI/L sucrose, 50 mmol/L Tris-HCl [pH 
7.4], and 5 mmol/L MgSO^ containing 1 mmol/L phtnylmtthylsul- 
fonyl fluoride (PMSF) and 0.5 pgAnL aprotinm. Homogenates were 
filtered through four layers of cheesecloth. Nuclei were prepared 
from homogenates as described by Kaufman and Shaper. 33 Nuclear 
subtractions were obtained according to Bacns and Carafoii. 34 
Briefly; nuclei were resuspended m STM buffer containing 250 
ug/mL DNase i and 250 ugtoL RNase A. After a 1-hour incubation 
at 4*C, the nuclei were sedimeuted at 800g for 10 minutes. The 
supernatant was collected and named 51. The pellet was resus- 
pended in LS buffer (10 mmol/L Tris-HCl [pH 7.41 and 0.2 mmol/L 
MgS0 4 ) containing 1 mmol/L PMSF and 0,5 ug/rnL aprounin Buffer 
HS C10 mmol/L Tris-HCl [pH 7.41 , 0.2 mmol/L MgS0 4l and 2 mol/L 
NaCD containing 1 mmol/L PMSF and 0.5 ug/mL aprotinin was 
added slowly to a final NaCl concentration of 1.6 mol/L After a 
15-minute incubation, the sample was sedimented at 5,000g for 20 
minutes. The pellet was extracted again with 1.6 mol/L NaCl, and 
the new pellet corresponding to the nuclear matrix (NM), was 
resuspended in STM buffer and stored at -80°C 

Cel Electrophoresis and bnmvnoblcttmg. Proteins were separated 
electrophorerically in sodium dodecyl sulfa te-pofya cry lamide gels 
as described by Laemmli. 35 The gels were transferred onto Immobi- 
lon-P membranes (Millipore) for 2 hours at 60 V The membranes 
were preincubated in Tris-buffered saline (TBS) containing 5% 
defatted milk powder for 1 hour at room temperature. The antigens 
were identified by using the antibodies summarized in Table 1 
diluted in TBS containing 0.5% defatted milk powder and 1% bovine 
serum albumin. After washing in TBS-0.05% Tween 20, the strips 
were incubated with an alkaline phosphatase- (Pro mega, Madison, 
WI; 1:10,000 dilution) or a horseradish peroxidase- (BioRad, SA, 
Madrid, Spain; 1:2,000 dilution) coupled secondary antibody for 45 



Table 1, Antibodies to Cell-Cydc-Related Proteins 


Target 


Host Specificity 


Source 


Coat 


CDK4 0H) 


r P 


Santa Cruz Biotechnology 


sc-260 


CDK4 


r P 


Ciontech 


3516-1 


CYCD1 cm) 


m m 


Santa Cruz Biotechnology 


sc-6281 


CYCD 


» P 


UBi 


06-137 


CYC D3 OH) 


r P 


Santa Cruz Biotechnology 


sc-182 


p21 OT OH) 


r P 


Santa Cruz Biotechnology 


sc-756 


p21 ap 


S P 


Santa Cruz Biotechnology 


SC-397G 


p27 KIFl 


r p 


J. Massagtt* (New York) 






m m 


Sanu Cruz Biotechnology 


sc-1661 


CDK2 


r P 


UBI 


06-505 


CYCE 


r P 


Sanu Crux Biotechnology 


sc-481 


CYC A 


' P 


Santa Cruz Biotechnology 


sc-596 


CDC2SA 


r P 


Sana Cruz Biotechnology 


sc-97 


CDK7 


r P 


Santa Cruz Biotechnology 


sc-857 


CYCH 


r P 


Santa Cruz Biotechnology 


sc-855 


PCNA 


m m 


Bochxinger 


1170406 


pl07 


r P 


Santa Cruz Biotechnology 


sc-318 


p!30 


r P 


Santa Cruz Biotechnology 


se-317 



Abbreviations Di immunochoiilstiy; r, rabbit; g, goat; m, mouse; p, 
polyclonal; m, monoclonal; UBI, Upstate Biotechnology. 
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minutes. After washing in TBS-O.05% Tween 20 and TBS, the 
reaction was visualized with niiro blue tea^oUum/S-bTOmo-4-chloro- 
3-indoyl-l-phosphate or with the enhanced cherni luminescence 
system (Araersham lberica, Madrid, Spain). 

Protein Determination. The protein content was measured by the 
procedure of Bradford, 3 * using bovine serum albumin as standard. 

immunofrzcipitatisms. Samples were lysed in buffer A (50 mmol/L 
Tris-HCl jpH 7.4], 0.1% Triton X-100, 3 mmul/L etbylenediarninetet- 
raaceric acid, and 250 mmol/L NaCD containing 50 mmol/L Nat; 0.1 
mmol/L Na 3 V0 4 . 1 mmol/L PMSF, and 10 ug/mL leupeprin. Iramu- 
noprecipitations (IPs) were performed as described by Harlow and 
Lane. 37 Briefly, ly sates were clarified by centrifugatian at 10,000g for 
10 minutes at 4°C The supcrnatants were incubated with the 
indicated antibodies for 8 hours at 4°C, followed by an incubation 
with protein A beads for 1 hour at 4°C After washing in buffer A, the 
immunocomplexes were subjected to immunoblotting as described 
above. 

Determtnatiim cf Cdh4 and Cdk2 Activities. To determine cdk4 activ- 
ity, samples were lysed in buffer G (50 mmol/L HEPES IpH 7.51 , 150 
mmol/L NaCl, 1 mmol/L ethylenediaminetetraacetic acid, 2.5 mmol/L 
ethylene grycol-bis(p-aminoethyl etherKNWN' Js. r '-tetraacctic acid 
[EGTAl, 1 mmol/L dithiothreitol [DTT), and 0.1% Tween 20) 
containing 10% glycerol, 1 mmol/L NaE 0.1 mmoVL Na 3 VC>4, .0.1 
mmol/L PMSF, 10 ug/mL leupeptin, 0.5 pg/mL aprotinin, and 10 
mmol/L ^-glycerophosphate. IPs were performed as described 
above. The kinase assays were performed as described by Mat- 
sushirne et al. 1B Briefly; after IP, the beads were washed four times in 
G buffer and twice in 50 mmol/L HEPES (pH 7.5), containing 1 
mmol/L DTT. Cdk4 immunoprecipitatcs were incubated at 30°C for 
30 minutes in kinase buffer (50 mmol/L HEPES [pH 7.5], 10 
mmol/L MgCI 2 , and 1 mmol/L DTT) containing 5 ug of soluble 
GST-pRb fusion protein, 2.5 mmol/L EGTA, 10 mmol/L glycero- 
phosphate. 0.1 mmol/L Na 3 V0 4 * 1 mmol/L NaF. 20 \xmoVL adeno- 
sine triphosphate (ATP), and 10 uCi of y- 32 P-ATP (Amersharn; 
3,000 Ci/mmol) in a total volume of 25 uL. Reaction was stopped by 
adding Laemmli sample buffer, and then the samples were electro- 
phoresed in 10% sodium dodecyl sulfate-polyacrylamide gels. The 
gels were dried and the phosphorylated proteins were visualized by 
^ autoradiography. 

To determine cdk2 activity, the samples were lysed in buffer A and 
then subjected to IP using ami-cdk2 antibodies. The immunoprecipi- 
tates were incubated at 30°C for 20 minutes in 20 mmol/L HEPES 
(pH 7.5), 10 mmol/L Mg acetate, and 1 mmol/L DTT containing 3 ug 
of hisione HI (Boehringer Mannheim, Germany), 20 umol/L ATP, 
and 10 uCi of t- 32 P-ATP (Amersharn; 3,000 Ci/mmol) in a total 
volume of 25 ul_ After incubation, the samples were processed as for 
cdk4 determination. 

Obtention of GST-pRb Protein, pGEX-SG-pRb was a gift from Dr. 
Wang (San Diego, CA). The recombinant protein was expressed in 
BL21 pLysE strain of Escherichia coli transformed with pGEX-SG- 
pRb. Induction, solubilization, and purification of the recombinant 
protein was made as described by Neet and Hunter. 38 

linmujuihistockcmistry. Fresh samples of liver tissue were cut into 
pieces and immediately fixed in 10% neutral buffered formalin for 
24 hours. Fixed livers were dehydrated in ethanol, cleared in xylene, 
and embedded in paraffin blocks. Five-micrometer sections of each 
liver sample were cut and mounted on gelatin-coated slides. They 
were depaxaffinized with xylene and then hydra ted in decreasing 
concentrations of ethanol and rinsed in phosphate-buffered saline 
(PBS). For each antibody, slices were processed simultaneously, and 
after endogenous r>eroxtdase blocking procedures, they were placed 
in Coplin jars, immersed in 10 mmol/L citrate buffer (pH 6.0), and 
autodaved for 10 minutes at 15 psi (121 °C). The slices were allowed 
to cool for a further 25 minutes and were then rinsed in distilled 
water and PBS, Treated slices were immunostained as described 
below. 

The ABC detection system was used for iinmunostaiiiing. Horse 
or goat serum, a blocking kit to avoid nonspecific binding of 
biotm-avidin system reagents, biotinylated secondary antisera, and 



avidm-biotin-horscradish peroxidase (ABC kits for mouse monoclo- 
nal or rabbit polyclonal antibodies) were obtained from Vector 
(Buxlingame, CA) . Irmnunohistochemical staining was performed as 
follows: after prerrearment of the slices, a normal serum incubation 
(horse or goat) of 20 minutes was used to reduce nonspecific 
background staining. Then, primary antibodies were incubated 
overnight at 4°C Incubations with the linking antibody (biotinyl- 
ated anti-mouse or biotinylated anti-rabbit sera) and then the 
labeled ABC, each for 45 minutes, followed. A 10-rninute rinse of the 
slices with PBS was performed between each of the three incuba- 
tions. Then, diammobermdine, as a chromogen, was applied and 
incubated for 10 minutes. Finally, the slices were rinsed with PBS 
and mounted for examination. "The negative control slices were 
treated in an identical manner, except that the primary antibodies 
were omitted For histological examination of liver samples, slices of 
each treatment (control and regenerating livers) were stained with 
hernatoxyim-eosin according to conventional procedures. 

Measurement of DNA Synthesis In Vivo. ^thymidine was injected 
intraperiioneally at a dose of 0.5 pCi/g body weight (5 Ci/mmol/L; 
Radiochemical Center, Amersharn) 1 hour before killing the ani- 
mals. Autoradiography was performed as described by Baserga and 
Malamud, 39 Briefly; fresh liver tissue was cut into pieces and 
immediately fixed in 10% neutral buffered caldc-formalin for 24 to 
72 hours. Fixed livers were dehydrated in ethanol, cleared in xylene, 
and embedded to paraffin hlocks. Five-micrometer sections of each 
liver sample were cut and mounted on gelatin-coated slides. They 
were der^araffinized in xylene, then hydrated in decreasing concen- 
trations of ethanol and rinsed in distilled water. The slices were 
submerged Into the nuclear emulsion Hfbrd L-4 (llford Limited) at 
40° to 45°C and subsequently dried and exposed in darkness for 3 
weeks at 4°C After photographic processing (developing and 
fixing), the slices were stained with hematoxylin-eosin according to 
conventional procedures. Under light-microscopic examination, rhe 
DNA-synthetic activity was estimated and expressed as the index of 
labeled hepaiocytes (%). 

RESULTS 

Actiyities of Cdk4 and Cdk2 During Rat liver Regeneration. To 
determine the activities of cdk4 and cdk2 during rat liver 
regeneration, 66% PHs or sham operations were performed, 
and livers were excised at 5 hours, 13 hours, 24 hours, and 28 
hours after surgery. Three to six livers from each time after 
surgery were homogenized together, and the activities of both 
cdks were measured in these homogenates. The activity of 
cdk4 was undetectable in quiescent cells arid at 5 hours after 
PH (Fig. 1A); at 13 hours, some activity was detected, and at 
24 hours, the activity was maximal. Then, at 28 hours, it 
decreased. The kinetics of cdk2 activity was similar to that of 
cdk4 (Fig. IB). Neither cdk4 nor cdk2 activities were 
detected after sham operations (data not shown). The peaks 
of cdk4 and cdk2 activities correlated well with both the 
expression of PCNA (a cofacior of DNA polymerase a whose 
expression correlates with DNA synthesis) (Fig. 1C) and the 
wave of DNA replication (Fig. ID). 

Levels of Proteins of the CeU-Cycle Regulatory Machinery During 
Rat Liver RegeneratioTu Our first approach to examining the 
mechanisms involved in the activation of cdk4 and cdk2 was 
to determine the levels of the proteins involved in their 
regulation at different times after PH. Samples from liver 
homogenates were subjected to Western blotting using spe- 
cific antibodies against cdks: cdk4 and cdk2; cyclins: cydins 
Dl, D3, E, and A; CKls: pie*** p21 c *\ and plV^ 1 ; and cdk 
activators: cdc25A and CAK (cdk7 and cyclin H). 
v All these proteins, with the exception of p21 Ci P I , whose 
levels were very low, were clearly detected in cruiescent cells 
(Fig. 2A-2D). After PH, the amount of some of these proteins 



Zl/V d L900-ZZZ-6L9 



1900-ZZZ(6L9) 



ZZ : 9l ZQ-ZI-Z00Z 



388 JAUMOT ET AL 

(p!6 bk4a , cyclin H, cdk7, and cdc25A) remained unmodified, 
whereas the levels of the other proteins (with the exception of 
p27Kipi- w hich decreased at 24 hours) increased to variable 
degrees at different times after PH (Fig. 2A-2D). 

Because the main known substrates for G/S cyclin-cdk 
complexes are the proteins of the pocket family (pRb, pi 07, 
and pl30), we also analyzed the levels and the phosphoryla- 
tion status of these proteins after PH. Unfortunately; in spite 
of using a panel of different ann-pRb antibodies, we were not 
able to detect pRb either in quiescent cells or at any time after 
PH. Quiescent cells contained significant levels of p!30 (Fig. 
2E). The levels of this protein increased progressively from 5 
hours to 28 hours. Changes in the mobility of pl30, as a 
result of phosphorylation, were clearly seen at 24 hours and 
28 hours after PH, in coincidence with the induction of cdk4 
and cdk2 activities. p!07 was not detectable either in 
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Fig. 1 . Time coarse of (A) cdk4 activity, (B) cdk2 activity (O expression 
of PCNA. and (D) DNA synthesis after PrL Cdk4 and cdk2 activities were 
measured by IP, followed by kinase assays using liver homogenates as 
described in Materials and Methods. IPs were performed using specific 
antibodies against cdlet, cdk2, or normal rabbit serum (NRS), which was 
used as a control. GST-pRb or histone HI were used as exogenous substrates 
for cdk4 and cdk2 t respectively. PCNA expression was studied by Western 
blotting (WB) using 50 ug of homogenate. DNA synthesis was measured as 
the incorporation of ^-thymidine into the DNA by autoraxhography as 
described in Materials and Methods. The DNA-synthetic activity was 
estimated and expressed as the index of labeled hcnaiocrtes. Values arc the 
mean of five slices from three rats for each point * 
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Fic. 2. Levels of cell-cycle regulatory proteins during rat liver regenera- 
tion. Fifty micrograms of liver homogenates from nonoperaied rats <c) and 
from rats at different times after PH was subjected to Western blotting using 
antibodies agtinsi (A) cdk4. t7cllns Dl and D3; (B) pU c *K p27 ,u P l , and 
p 16 iuwa. (c) c dk2 ( cyclins E and A; (D) cdc25A, cdk7, and cyclin H; and (E) 
pl07 and pBO. In (E), the bars indicate the hyperphosphorylated (upper 
bar) and the hypophosphorylatcd (lower bar) forms of p 107 and pi 30. 



quiescent cells or at 5 or 13 hours, but it was observed at 24 
hours and 28 hours. At these later times, p!07 was found 
phosphorylated (as detected by a gel mobility shift). The 
phosphorylation of pl07 coincides with the peaks of cdk4 
and cdk2 activities. 

These results indicate that in quiescent cells and at 5 hours 
after PH, the key proteins involved in the regulation of cdk4 
and cdk2 were present in liver cells; however bath cdk4 and 
cdk2 were inactive. Although no significant changes in the 
levels of these proteins were observed at 13 hours, the activity 
of both enzymes started to increase, and at 24 hours, both 
kinases were maximally activated. Only slight increases in 
cyclin Dl and cdk2 and a decrease in p27 ia P* were observed 
between 13 hours and 24 hours; however, the extent of these 
changes does not seem to be high enough to explain the sharp 
activation of both kinases. Thus, to better understand how 
cdk4 activity was induced after PH, analysis of the cyclin 
D-cdk4 complexes at different times after PH was subse- 
quendy performed. 
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Analysis of Cyclin D-Cdk4 Complexes During Rat Lrvcr Regenera- 
tion. The status of the cyclin D-cdk4 complexes at different 
times after PH was analyzed by IP, followed by Western 
blotting. IP experiments using antibodies against cdk4 did 
not permit the detection of cyclin Dl-cdk4 complexes in 
quiescent cells (Fig- 3A). However, when using anti-cyclin 
Dl antibodies, low amounts of these complexes could be 
detected (Fig. 3B). The amount of these complexes was still 
low at 5 hours but increased at 13 to 28 hours (Fig. 3A and 
3B). in contrast, cyclin D3-cdk4 complexes were clearly 
detected in quiescent cells when using both anti-cdk4 or 
and-cyclin D3 antibodies (Fig, 3A and 3C). The levels or 
cyclin D3-cdk4 complexes increased slighdy until 24 hours 



NRS 



IP CDK4 




B 



NRS 



IP CYC 1)1 




NRS 



IP CYC D3 




Fic. 3. Analysts of cdk4, cyclin Dl, cyclin D3. and p21°P l complexes 
during rat liver regeneration, liver homage tutes were Iramunoprecipitaied 
using antibodies against cdk4 (A), cyclin Dl (B), cyclin D3 (C), or p2lW 
CD). The immnnoprecipitates (IP) were subjected to Western blot analysis 
CWB) with antibodies against cyclin Dl, cyclin D3, p21 a *' 1 , pi? 10 ? 1 , and 
pio*** (A); against cdk4, p21 c1 P 1 . pll^K and p!6 lokta €B and C); and 
against cdk4, cyclin Dl, and cyclin D3 (D). In all the cases, a control was 
performed using a normal rabbit scrum (NRS) to immunopredpltate samples 
of 24-hour regenerating livers. ■ 



and then decreased at 28 hours (Fig. 3A and 3C). Both cyclin 
Dl-cdk4 and cyclin D3-cdk4 complexes contained p27 K P 1 in 
quiescent cells and after PH. However, the levels of p27^ 
associated with these complexes decreased at 24 hours and 28 
hours (Fig. 3A-3C), coinciding with the decrease in the total 
levels of p21^ 1 observed in the homogenates (Fig. 2B). The 
amount of p21 Ci » >1 associated with cyclin D-cdk4 complexes 
in quiescent cells was very low. The p21 Ci ^ 1 protein associated 
with these complexes was undetectable when the IPs were 
performed using anti-cdk4 antibodies (Fig. 3A). However, 
when anti-cyclin Dl or anti-cyclin D3 antibodies were used, 
ir was observed that in quiescent cells, low amounts of p21°F' 
were associated with cyclin D3-cdk4 but not with cyclin 
Dl-cdk4 (Fig. 3B and 3C). The amount of p21 Ci P l bound to 
both complexes increased progressively after PH (Fig. 3A- 
3C). IPs using anti-p21 c P l antibodies confirmed these results 
and revealed that at 28 hours, the binding of p21 Q P 1 to cyclin 
Dl-cdk4, but not to cyclin D3-cdk4, was increased (Fig. 3D), 
IP experiments also detected the presence of cdk4-pl6 iIlk4a 
complexes in quiescent cells and also during regeneration 

These results suggest that the binding of p27 Ki ? 1 and 
p21 G P 1 could be involved in the regulation of cdk4 activity 
during regeneration. Because the increase in cdk4 activity at 
24 hours coincides with a strong decrease in the amount of 
p27 IG *' 1 bound to both cyclin Dl-cdk4 and cyclin D3-cdk4 
complexes (Fig- 3A-3C), it can be suggested that the dissocia- 
tion of p27 Ki P l from the complexes could facilitate this 
increase in cdk4 activity. Likewise, the increased association 
of p21 Ci " 1 to cdk4 and cyclin Dl at 28 hours (Fig. 3D) could 
be involved in the inaciivatinn of cdk4 activity observed at 

this time after PH. 

Immunocytockemical Analysis of O-fype Cyclins, Cdh4, and 
p2i&pi During Rat Liver Regeneration. As mentioned above, 
quiescent cells contained significant levels of cyclin D3*cdk4 
complexes, but only low levels of cyclin Di-cdk4. However, 
the total amounts of both cyclins were similar in quiescent 
cells (Fig. 2A). Thus, a possibility for the explanation of this 
distinct ability of both D-type cyclins to Form complexes with 
cdk4 could be a differential intracellular location of both 
cyclins in these cells. It could also be possible that their 
IntraceUular location was modified during liver regeneration, 
leading to the increase of the formation of cyclin Dl-cdk4 
complexes. To test these possibilities, the intracellular distri- 
bution of cyclin Dl, cyclin D3, and cdk4 was studied by 
immunocytochemistry using slices obtained from livers at 
different times after PH. In quiescent cells, cdk4 and cyclin 
D3 were mainly located in the cytoplasm, whereas cydin Dl. 
was mosdy nuclear (Fig. 4), At 5 hours after PH, cdk4 and 
cydin D3 were detected in both cytoplasm and nuclei. 
Interestingly at this time, both proteins were significantly 
associated with the nuclear envelope, although staining in 
intranudear domains was also observed. These results sug- 
gest that both proteins translocate from cytoplasm into the 
nucleus at this time after PH. Cyclin Dl, which was already 
nuclear in quiescent cells, also showed a dear association 
with the nuclear envelope at 5 hours after PH (Fig. 4). At 13 
hours after PH and thereafter, all these protrins (cyclin Dl, 
cyclin D3, and cdk4) were mosdy intranuclear and displayed 
similar patterns (Fig. 4). 

v The intracellular location of p21 Ci P 1 was also analyzed, 
because a recent report suggested that this protein could be 
involved in the translocation of cyclin D-cdk4 from cyto- 
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F'G. 4. Immunocytochcmical detection of cdk4, cyclin Dl. cyciin D3, and p21°P l during rat liver regeneration. Rat liver sections from ccittrol (A, n 
and U) and hepatectomized rats at different times after surgery: 5 hours (B, G, L, Q, and V), 13 hours (C H. M, R, and W) , 24 hours (D, I, N, S, and X), and 28 
Kours (EJ» O, T, and Y) were stained with hematoxylin-*^ (A-E), or LmmunosLained with aaui-cdk4 (F-J), ann-cyclra Dl <K-0) t anti-cyclin D3 (P-T), or 
antl-p21 Ci P l (U-Y). Bar = lOum. 
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plasm into the nucleus in epithelial cells. 40 In quiescent cells, 
VUP* 1 was mostly cytoplasmatic (Fig. 4). After PH, r>2\W 
translocated into the nucleus in a way and timing similar to 
thal.of cyclin D3 and cdk4. At 5 hours" pH^ 1 also associated 
with the nuclear envelope. The concomitant translocation of 
p21°v l , cdk4, and cyclin D3 from the cytoplasm to the 
nucleus, at 5 hours, is compatible with the possible role of 
p21 a * >1 as a translocation factor for cyclin D-cdk4 com- 
plexes. 40 Figure 5 shows magnifications of typical nuclei from 
quiescent cells and from 5-hour hepatectomized rats immuno- 
stained with antibodies against each of these proteins. 




Fig. 5. Immuuocytochemical detection of cell-cycle regulatory proteins 
in rat liver nuclei 'from nonoperated (A, C E, and G) and 5-hour 
hepatectomi2ed rats (B, D. ¥ t and H). Liver sections were immunostalned 
with antibodies against cdk4 (A and B), cyclin Dl (C and D), cyclin D3 (E 
and F>, and p2l Ci * 1 (G and H). At 5 hours after surgery, the intranuclear 
Immune reaction is diffuse, with only a few aggregates visible, and in all 
cases, the immunoreactivitv is dearly associated with the unclear envelope. 
Bar - 10 urn. ' 
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Fig. 6. Tune course d*cdlt4 (A) and cdk2 (B) activities in the SI nuclear 
fraction after PR Cdki and cdk2 activities were measured by immunoprecipi- 
tation (IP) followed by kinase assays in samples from nonoperated xais (c) 
and from rats at diferent times after PH. IPs were performed using specific 
antibodies against cdk4 or cdk2. GST-pRb or histone HI were used as 
exogenous substrates far cdk4 and cdk2 activity; respectively. 



These results indicate that the existence of cyclin D3-cdk4 
complexes in quiescent cells can be the result of the simulta- 
neous presence of both proteins in the same cellular compart- 
ment, ic. the cytoplasm. In contrast, the different intracellu- 
lar location of cyclin Dl (nuclear) and cdk4 (cytoplasmatic) 
explains the low levels of cyclin Dl-cdk4 complexes in 
quiescent cells. The translocation of cdk4 from cytoplasm 
into the nucleus at 5 hours after PH may account for the 
progressive increase in the formation of cyclin Dl-cdk4 
complexes- However, as reported in other cell types, mito- 
genic stimuli induce the expression of an assembly factor that 
increases the rate of formation of cyclin D-cdk4 complexes. 
Thus, the induction of such an assembly factor after PH may 
also participate in the increase in the number of both types of 
D-type cyclins-cdk4 complexes. 

Activities of Cdh4 and Cdk2 and Levels of the Proteins of the 
Cell-Cycle Regulatory Machinery in Rat liver Nuclear Subfr actions 
After PH. Although the specific association of the CKIs, 
p27 K * 1 and pH^K with cyclin D-cdk4 complexes could be 
related to the activation and inactivarion of cdk4> we wanted 
to analyze whether intranuclear redistribution of D-type 
cyclins, cdk4, and both CKIs, could be associated with the 
activation or inactivation of cdk4. To test this possibility, the 
activity of cdk4 and the levels of the proteins involved in its 
regulation were analyzed at different times after PH in two 
nuclear subtractions named 51 and NM SI fraction is a 
soluble fraction obtained after the treatment of purified 
nuclei with nucleases. NM is the insoluble residual fraction 
obtained after the extraction of purified nuclei with nucleases 
and mgh-salMontaining buffers. 

The activity of cdk4 in the SI fraction was undetectable in 
quiescent cells until 13 hours after PH (Fig. 6A). It increased 
sharply at 24 hours and subsequently decreased at 28 hours. 
These results are essentially consistent with the activity of 
cdk4 observed in homogenates (Fig. 1A). The only difference 
between these results is that in homogenates, a low activity 
was observed at 13 hours, whereas no activity was found in 
the SI fraction at this time. 

We did not detect cdk4 activity in the NM fraction. Because 
*his fraction is highly insoluble, IP experiments cannot be 
performed directly. Thus, in spite of treating NM with 
detergents and then performing IPs using anti-cdk4 antibod- 
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ies, no cdk4 activity was detected. We also attempted to 
determine cdk4 activity directly in the NM by adding the 
exogenous substrate (pRb) and radioactive ATP to entire NM 
fractions and then analyzing the phosphorylation of the 
exogenous pRb after incubation. With this approach, we were 
also unable to determine any cdk4 activity in this fraction. 

Cyclin Dl was clearly detected in the SI fraction from 
quiescent cells. In contrast, only low amounts of cdk4 and 
cyclin D3 were detected (Fig. 7A). This is consistent with 
results obtained by immunocytochernistry, indicating that 
cdk4 and cyclin D3 were mosdy cytoplasmatic and cyclin Dl 
mostly nuclear in quiescent cells. In SI fraction, the amount 
of cyclin Dl remained high until 24 hours. In contrast, the 
levels of cdk4 and cyclin D3 increased slightly until 13 hours 
and then more sharply at 24 hours. Finally, a decrease in the 
amount of all these three proteins in the SI fraction was 
observed at 28 hours. The most dramatic reduction was that 
of cyclin Dl, whose levels were almost undetectable at 28 
hours after PH. Coincident with this dramatic decrease of 
cyclin Dl in the SI fraction* a sharp increase of this protein 
was observed in the NM fraction at this time after PH (Fig. 
7A). These results suggest that at 28 hours after PH, cyclin Dl 
moved from SI fraction to NM. A slight increase of cdk4 was 
also observed in the NM at this time after Pli suggesting that 
cdk4 also moved from SI to NM at 28 hours after PH. 

These results indicate that the activity of cdk4 in the SI 
fraction correlates well with the levels of D-type cyclins and 
cdk4 in this fraction. Thus, the low levels of cdk4 during the 
first 13 hours after PH can explain why cdk4 activity was very 
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F(G. 7. Levels of cell-cycle regulatory proteins in nuclear subtractions 
during rat liver regeneration. SI and nuclear matrix fractions from nonoper- 
atcd rats (c) and from rats at differ eni times after PH were obtained as 
described in Materials and Methods. Fifty micrograms of each sample was 
analysed by Western blotting using antibodies against (A) cdk4, cyclin Dl, 
and cyclin D3; (B) pllW p27*W t and plo^ 1 ; (C) cdk2, cyclin E, and 
' cycHn A; (D) cdc25A, cdk7, and cyclin H. , 



low in this fraction during this period. The sharp increase of 
cdk4 and cyclin D3 at 24 hours could explain the elevation of 
cdk4 activity at this rime after PH. Finally, the decrease 
of cdk4 activity at 28 hours could be explained by the 
translocation ofcyclm Dl to ihe NM and the diminution of 
cyclin D3 and cdk4 in this fraction- The remaining cdk4 
activity at 28 hours could be the result of the reduced levels of 
cyclin D3 and cdk4 observed in this fraction. 

We also analyzed whether die levels of CKls were modified 
in the nuclear subtractions after PH. Both p27 Ki *> 1 and p21°P I 
proteins were detected in the SI fraction from quiescent cells 
(Fig. 7B). The levels of both proteins displayed a similar 
pattern during regeneration: their amount remained low until 
13 hours, increased at 24 hours and decreased at 28 hours. In 
contrast, the amount of plG^ 4 * remained constant during 
regeneration. 

The pattern of cdk2 activity in the SI fraction was similar 
to that of cdk4 (Fig. 6B). It was undetectable in quiescent 
cells and until 13 hours after PH. It was maximal at 24 hours, 
and then decreased at 28 hours. Cdk2 activity correlated well 
with the levels of cyclin E, cyclin A, and cdk2 in this fraction. 
The cdk2 protein was undetectable during the first 13 hours 
after PH, whereas those of cyclin E and A were very low 
during this period (Fig. 7C). The levels of the diree proteins 
increased sharply at 24 hours, and then decreased at 28 
hours. The decrease of cdk2 was very strong, whereas that of 
cyclins E and A were quite modest. Thus, the concomitant 
presence of cyclin E, cyclin A, and cdk2 in the SI fraction at 
24 hours after PH could be responsible for the high activity of 
cdk2, whereas the decrease of cdk2 in this fraction at 28 
hours could explain the reduction of cdk2 activity. 

The accumulation of D-type cyclins and cdk4 in the SI 
fraction could lead to the increase of cdk4 activity, because 
the activators (CAK or cdc25A) could phosphorylate/ 
dephosphorylate the cyclin D-cdk4 complexes when they 
appear in this fraction at 24 hours after PH. To analyze this 
possibility, the levels of cdk7, cyclin H, and cdc25A were also 
measured in both nuclear subfractions. Cdc25A and cdk7 
were present in both SI fraction and NM from quiescent cells 
(Fig. 7D). The amount of both proteins remained constant 
during the entire cell cycle in both subfractions. In contrast, 
cyclin H was only present In SI fraction, and Its amount 
increased progressively from control to 28 hours. Thus, it is 
possible that cyclin D-cdk4 complexes could be activated by 
CAK and cdc25A only in the SI fraction. A similar explana- 
tion could be possible in the case of cdk2. 

DISCUSSION 

Although significant insight has been gained into the 
factors that promote hepatocyte proliferation, very little is 
known about mechanisms that regulate cell-cycle progression 
in the hepatocytes proliferating in vivo after PH. During the 
last few years, a number of articles reported new information 
about the mechanisms involved in the regulation of cdk4 and 
cdk2 during liver regeneration. However, many points still 
remain obscure, and some aspects are controversial. 

The first aspect for discussion concerns the levels of 
proteins of the G x /S cell-cycle regulatory machinery in 
quiescent liver cells and their variations after PH. All the 
reports, including our results, coincide that all these proteins, 
with the exception of p21 a P l , arc detectable in quiescent cells 
from young rats or mice. There is also agreement with the fact 
that cyclins Dl, D3, E, and A, cdk4, cdk2, and p21 c P l are 
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induced after PH. 23 " 32 mterestingly, results reported here 
indicate that the levels of p27 K| P l decreased at 24 to 28 hours 
after PH in rats, in agreement with results reported by 
others. 23 - 32 However, PH in mice did not induce any alteration 
in the levels of this protein" (Jaime and Bachs, unpublished 
data, March 1998). This behavior of p27 K * 1 in hepatecto- 
mized mice is surprising, because in most of the cell types 
proliferating in culture, 16 the levels or p27 Ki * 1 decrease at the 
mid-late Gi. Thus, rat hepatocytes respond to PH similarly to 
most of the cell types proliferating in culture, whereas those 
from mice respond differently. 

We report here for the first time the analysis of the levels of 
the cdk activators, cdc25A and CAK (cyclin H-cdk7) during 
rat liver regeneration. The levels of these activators remained 
unmodified after PH. 

In summary, it can be concluded that the induction of the 
proteins of the Gi/S cell-cycle regulatory machinery in rat 
liver cells proliferating in vivo behaves similarly to that 
observed in the different cell types proliferating in culture, 

A second important point of discussion is related to the 
formation of cyclin D-cdk4 complexes after PH and their 
relationship with the activation of cdk4. Very little informa- 
tion has been previously reported about the status of cyclin 
D-cdk4 complexes after PH. As far as we know, only two 
reports describe the formation of these complexes, and both 
analyzed only the status of cyclin Dl-cdk4, but not the 
complexes of cdk4 with the other D-rype cyclins. Our results 
are in agreement with both articles in the sense that quiescent 
cells contain very low amounts of cyclin Dl-cdk4 complexes 
and that these complexes are formed during G,. 31 32 Results 
reported here indicate that in quiescent cells, cyclin Dl is 
mosdy nuclear, whereas cdk4 and cyclin D3 are cytoplasmic; 
thus, one can argue that cyclin Dl could not form complexes 
with cdk4 in quiescent cells, because they are located in 
different intracellular compartments. Likewise, the presence 
of cyclin D3 and cdk4 in the cytoplasm of quiescent cells 
could explain the existence of cyclin D3-cdk4 complexes in 
these cells. The progressive formation of cyclin Dl-cdk4 
complexes after PH could be possible, because cdk4 translo- 
cates from cytoplasm into the nucleus during G^ Thus, these 
complexes are formed in the nucleus. In contrast, cyclin 
D3-cdk4 are originally formed in the cytoplasm and subse- 
quently translocated into the nucleus during G l . 

it is assumed that cyclin D-cdk4 complexes are active when 
located in the nucleus. However, our data show that these 
complexes were not always active in the nucleus, because at 
13 hours after PH, both cyclin D3<dk4 and cyclin Dl-cdk4 
complexes were nuclear, but cdk4 activity was very low. At 24 
hours after PH, cdk4 activity was maximal, although no 
differences in the levels of cyclin D-cdk4 complexes were 
observed. Thus, the activation of cdk4 at 24 hours is not 
directly related to the levels of cyclin D-cdk4 complexes. A 
mechanism to explain cdk4 activation could be related to the 
differential association of the inhibitors, p21 a P l and p27 Ki P 1 > 
with cyclin D-cdk4 complexes during regeneration. Results 
reported here suggest a role of pll^ 1 in the inhibition of 
cdk4 during the first 13 hours after PR The p27** 1 protein is 
associated with both types of cyclin D-cdk4 complexes 
during this period. Then, p27W is suddenly released from 
both complexes at 24 hours, in coincidence with cdk4 
activation. Thus, it can be suggested that the binding of 
p27 Ki P l to cyclin D-cdk4 complexes during the first 13 hours 



after PH prevents the activation of cdk4. The subsequent 
separation of this inhibitor would permit cdk4 activation. 

A second mechanism involved in the activation of cdk4 
could be the change in the intranuclear location of cyclin 
D-cdk4 complexes, which could permit the interacdon with 
the activators, CAK and cdc25A. The analysis of cdk4 activity 
in the SI nuclear subtraction showed a peak of activity at 24 
hours after PH, similar to the activity in homogenates. Thus, 
it can be assumed that most of the activity detected in the 
homogenates corresponds to that detected in the 51 fraction, 
although it cannot be excluded that a part of cdk4 activity 
could also be found in other nuclear fractions. The simulta- 
neous accumulation of cyclin Dl, cyclin D3, and cdk4 in die 
SI fraction at 24 hours correlates with the increase of cdk4 
activity. These results suggest that some factors present in 
Si — CAK and cdc25A being the best candidates— activate 
cdk4 at this time after PH. Cdk7 and cyclin H are always 
present in this fraction. Because it has been reported that 
CAK is always active during the cell cycle, it is possible that as 
soon as cyclin D-cdk4 complexes accumulate in this fraction, 
they can be activated by CAK. In addition, cdc25A can play a 
role in cdk4 activation. Because the activity of cdc25A is 
regulated during the cell cycle, it can also be possible that the 
accumulation of cyclin D-cdk4 complexes at 24 hours in the 
SI fraction could' coincide with the activation of cdc25A. 
However, this is something that has yet to be proven. Thus, 
the release of p27 K * 1 from cyclin D-cdk4 complexes and the 
movement of the complexes to the SI fraction where they can 
be activated by CAK and cdc25A could be the mechanisms 
involved in the activation of cdk4 between 13 and 24 hours 

after PR . . 

Two possible mechanisms could contribute to the inacnva- 
tion of cdk4 at 28 hours afrer PH. One is the increase in the 
binding of p21 G P l to cyclin Dl-cdk4 complexes. The second 
mechanism could be the translocation of cyclin Dl. and a 
portion of cdk4 from SI fraction to the NM. The remaining 
cdk4 activity observed in ihe SI fraction at 28 hours could be 
a result of the cyclin D3-cdk4 complexes that still were 
retained in this fraction. 

A similar hypothesis could explain the activation of cdk2 
during liver regeneration. Cyclin E, cyclin A, and cdk2 
accumulate in the S L fraction at 24 hours, in parallel with the 
induction of maximal cdk2 activity: There, the complexes 
could be activated by CAK and cdc25A as in the case of cdk4. 
The strong decrease in the amount of cdk2 in this fraction at 
28 hours after PH can be responsible for the decrease of its 
activity observed at this time after PH. The role of p21 a e 1 and 
p27 Ki P l in the regulation of cdk2 activity during liver regenera- 
tion is currendy being investigated in our laboratory. 

A third aspect for discussion is the mectanisms involved in 
the intracellular movements of D-rype cyclins, cdk4, and 
p21 c * 1 during liver regeneration. The induction of cdk4 
activity was preceded by the translocation of cyclin D3-cdk4 
from the cytoplasm into the nucleus and by the increase in 
the formation of cyclin Dl-cdk4 complexes. Because at 5 
hours after PH cyclin D3, cdk4, and cyclin Dl were mostly 
located in the nuclear envelope, it can be suggested that 
cyclin Dl could associate with cdk4 in the nuclear envelope, 
just during the time of cdk4 translocation. The evidence that 
p 2iGpi was also associated with the nuclear envelope at 5 
-hours after PH suggests that p21 c * 1 could translocate in 
association with cyclin D3-cdk4 complexes. This possibility 
is consistent with previous results showing that ?2l^> is 
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Fig. 8. Model of the intracellular rearrangements of D-iype cydms, edfe4, 
p27 Kp \ and pll 0 * 1 during rat liver regeneration. Quiescent rat liver cells 
contain significant levels of cyclin D3-cdlc4-p27 IQ P J and low levels of cyclin 
D3-cdk4-p21 Cipl complexes in the cytoplasm. After PH, these complexes 
translocate into the nucleus. The first step (at 5 hours) Is their association 
with the nuclear envelope. At this time, cyclin D1 , which was already nuclear 
in quiescent cells, moved and associated with the nuclear envelope. It is 
OOSSible that there, cyclin Dl could bind to cdk4, p21 a P | , and p27 Ki P ! . At 13 
hours, cyclin D3-cdk4-p27 Ki P | . cyclin D3-cdk4-p2i Ci P 1 , cyclin Dl-cdk4- 
P27 10 * 1 , and cyclin Dl-cdk^pll 0 ? 1 complexes were located in a srill- 
unknown intranuclear domain. At 24 hours, pi/ 10 ? 1 is eliminated Trotn the 
complexes, and cyclin D3-cdk4-p21°P 1 and cyclin Dl-cdk4-p21 cl P 1 moved 
to the SI fraction, wheie they become active, possibly as a result of ihe 
phosphorylation of the complexes by CAK. 

involved in the translocation of cyclin D-cdk4 from cyto- 
plasm into the nucleus.^ 0 The association of these complexes 
with the nuclear envelope could be mediated by a 70-kd 
protein (p70) that is able tobindp21 Ci P i in this compartment 
(Estanyol J-M, Bachs O, unpublished data, March 1998). It is 
possible that p70 may associate not only with p21 G P', but 
also with pll^-cyclin D3-cdk4 and p21 G P l -cyclin Dl-cdk4 
complexes at 5 hours after PH. 

Interestingly, p2l Ci ^ 1 moved to SI fraction in parallel with 
cyclin D3 and cdk4, suggesting that p21 Q P 1 could also 
participate in the movement of these proteins to the SI 
fraction. The strong association of p21 Ci P 1 with cyclin D-cdk4 
complexes when they are active indicates that p21 apl is not 
inhibiting these complexes, but performing another un- 
known function that can be related to the movement of the 
complexes from one cellular compartment to another. 

A model summarizing how cyclin D-cdk4 complexes could 
be activated after a PH is showed In Fig. 8. 

To establish the mechanisms inducing the translocation of 
GTS cyclins and cdks from cytoplasm to the nucleus during 
Gi, and those responsible for the intranuclear movements of 
these proteins are important goals for the understanding of 
how cdk4 and cdk2 are activated after PH. Experiments to 
elucidate these mechanisms are currendy under way in our 
laboratory 
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Objective 

The p21 c * >1 protein is a potent stoichiometric inhibitor of cydin-dependent kinase activity, and 

mRNA expression is locaSzed to the nonproliferative compartment of the intestinal villus, 
suggesting an in vivo growth-inhibitory role in the gut. The authors determined whether 
nontransformed rat intestinal ephhefial cells (lECs) underwent reversible ceil cyde arrest by 
contact inhtoition, and determined whether increases in the relative amount of p21 associated 
with Cydin D/Cdk4 protein complexes were associated with cell growth arrest 



Methods 

Density arrest was achieved by prolonged culture of EC-6 in confluent condfaons (5 or more 
days). Release from density arrest was achieved by detaching the cells from the culture plate and 
reseedng them at a 1:4 ratio. The DNA synthesis was estimated by [^thymidine incorporation 
and expressed as mean plus or minus standard error of the mean (n = 4). Cydin D1 , Cdk4 t and 
p21 mRNA and protein levels were determined by standard Northern and Western blot analyses, 
respectively. Cyclin D1 , Cdk4, and p21 protein complex formation was analyzed by 
immunopredpftating the complexes from cell lysates with an antfoody to one of the constituents, 
followed by SDS polyacrytamide gel electrophoresis (SDS-PAGE) and Western blot analysis of the 
pretipitated complexes using antfoodies to the other proteins. The kinase activity of the 
immunoprecipftated Cdk4 was determined using recombinant Rb as substrate. 



Results 

The E06 [^thymidine incorporation was decreased 7.5^fdd from day 1 of conftience to day 7 
of confluence. Twenty-four hours after release from density arrest, there was a 43-fold increase in 
pHJthymidme incorporation. Cydin D1 and Cdk4 mRNA levels remained relatively constant 
during contact inhibition, whereas immunobtotting showed mat the levels of eyefin D1 and Cdk4 
proteirs decreased by 70.9% and 6^ 

density arrest The levels of cycBn D1 increased 5.8-fdd and Cdk4 increased by 4Afotd by 24 
hours after reseeding the day 9 density-arrested cultures, coincident with the increase m DNA 
synthesis. The amouftt of p21 associated with the cydin D1 and C<ft4 complex in the density- 
arrested cells was 170% of that observed in the reseeded, proliferating cells. More important the 
p2l ::Cdk4 ratio was 6.4-fokJ higher in the density-arrested (quiescent) cells as compared with 
rapidly prdrferating cefls by 24 hours after release from growth arrest Recovery of Cdk4- 
dependent kinase activity axurred by 4 hours after release from growth arrest, coincident with 
decreased bindng of p21 to the complex. 

620 
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Conclusions 

Intestinal epithelial cells in culture can undergo density-dependent growth arrest. This process 
involves dowmegJaiion of cyclin D1 and Cdk4 at the level of protein expression, whereas the 
mRNA levels remain relatively unchanged. Further, during contact inhibition, there ts more p21 
associated with cyclin D1/Cdk4, which further a*trfo^ 

The authors also have shcwmth^ , 
explain partly the ability of the intestinal epithelium to increase proliferative activity tn response to 

injury. 



The intestinal epithelium is one of the most rapidly 
proliferating tissues in the body with complete cellular 
turnover occurring every 3 to 8 days. 1 ' 3 Renewal of the 
intestinal epithelium is a complex process, with cell pro- 
liferation restricted to a subpopulation of enterocytes lo- 
cated in the crypts at the bases of the villi. Enterocytes 
migrate from the crypt as new enterocytes are produced 
by anchored intestinal stem cells. The intestinal epithe- 
lial crypt cells have the ability to continuously replicate, 
but as cells migrate up the villus, they lose the ability to 
enter the DNA synthesis (S) phase of the cell cycle. As 
cells migrate out of the crypts, they undergo differentia- 
tion, as reflected by the expression of gene products nec- 
essary for differentiated function. Migration of differen- 
tiating and differentiated enterocytes continues along the 
villus surface until the cells reach the tips of the villi, 
where they either undergo apoptosis or extrusion into the 
intestinal lumen. Reversible mucosal atrophy occurs un- 
der conditions of enteral nutrient deprivation. Mucosal 
injury is followed by increased epithelial migratory ac- 
tivity to close the epithelial defect and then increased 
proliferative activity until homeostasis is restored. These 
processes are necessarily tightly regulated to maintain 
homeostasis. Pathologic conditions such as hyperplasia 
and polyposis with progression to malignancy may be 
the result of either unrestrained cell proliferation or in- 
appropriate resistance to programmed cell death. 

In eukaryotic cells, the initiation of DNA replication 
(entry into S phase) as well as mitotic division (entry into 
M phase) is controlled by sequential activation and inac- 
tivation of a family of cyclin-dependent serine/threonine 
protein kinases (Cdks). Progression through early to 
mid-G, is dependent on Cdk4 and, perhaps, Cdk6, 
which are activated by association with one of the D-type 
cyclins, Dl, D2, or D3. Progression through the G,/S 
transition period appears to require activation of Cdk2 
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through association with cyclin E Cyclins A and B and 
their major catalytic partners cdk2 and cdc2 (Cdkl) are 
required in S and G2/M phases of the cell cycle, respec- 
tively The rate-limiting period in the cell cycle is the first 
gap interval (G , ) that precedes DNA synthesis. 4 A critical 
substrate for the activated cyclin D-Cdk4 and cyclin D- 
Cdk6 kinase complexes is Rb, the protein product of the 
retinoblastoma susceptibility gene RM. 5 " 7 Hyperphos- 
phorylation of the Rb protein occurs in mid- to late G, 
and is required for entry into S phase, whereas accumu- 
lation of underphosphoryiated Rb prevents DNA syn- 
thesis. 8 Neutralization of cyclin Dl function in 
tive cells prevents them from entering S phase,- 
whereas Rtvdeficient cells do not require cyclin D-Cdk4 
activity. 1142 

Recently, another layer of regulatory control for these 
cell cycle checkpoints has been identified in the form of 
cyclin-dependent kinase inhibitory proteins. One family 
of Cdk inhibitors includes p21 Gpl and p27 K » 1 . Both p21 
and p27 inhibit the activities of cyclin D-Cdk4, cyclin D- 
Cdk6, cyclin E-Cdk2, and cyclin A-Cdk2 kinases in vitro. 
In addition, when bound to inactive cyclin-Cdk com- 
plexes, these cyclin kinase inhibitors can inhibit phos- 
phorylation (activation) by cyclin-activating kinase. ■ 
Another family of cyclin kinase inhibitors is typified by 
the pie 11 ** 4 * and plS 11 ^ 48 proteins that appear to in- 
teract preferentially with Cdk4 and Cdk6, and their asso- 
ciation with the kinase subunit leads to dissociation of 
cyclin from the complex. 15 

The P21 apl expression is induced by the tumor sup- 
pressor protein p53 and facilitates G, arrest in response 
to DNA damage (caused by ionizing radiation, etc). 
Expression of p2 1 is not entirely p5 3 dependent as tissue 
expression is preserved in p53 "knockout" mice. 17 Fur- 
thermore, MyoD, a skeletal muscle-specific transcrip- 
tional regulator, induces p21 as an effector of terminal 
ceil cycle arrest that occurs during muscle cell differen- 
tiation. 17,18 In addition to inhibiting Cdk activity, p21 
can associate directly with the proliferating cell nuclear 
antigen, and p2l inhibits proliferating cell nuclear anti- 
gen-dependent DNA synthesis catalyzed by,DNA poly- 
merase-* in vitro. Thus, it has been hypothesized that 
through its ability to inhibit DNA replication and cause 
cells to exit from the cell cycle, p21 serves at least dual 
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functions: to facilitate differentiation and to enable re- 
pair of damaged DNA. 

In situ hybridization studies have shown a highly se- 
lective pattern of p21 mRNA expression in the mouse. 
In the intestine and stomach, p2 1 mRNA expression was 
localized to the differentiated columnar epithelium only 
and was not observed in the regions of active cell prolif- 
eration. These observations imply an important in vivo 
role for p21 in intestinal cell growth arrest and differen- 
tiation; however, little is currently known of cell cycle 
regulation in intestinal epithelial cells (IECs). The pur- 
pose of our study was to determine whether non- 
transformed rat IECs underwent reversible cell cycle ar- 
rest by contact inhibition and, further, to determine 
whether increases in the relative amount of p2 1 0 "' asso- 
ciated with cyclin D/Cdk4 protein complexes are associ- 
ated with cell growth arrest We find that DNA synthesis 
is profoundly inhibited in the IEC-6 cells when grown to 
high density and that this inhibition is reversible upon 
reseeding the cells at lower density. Steady-state levels of 
cyclin Dl, Cdk4, and p21 proteins all decrease dunng 
density arrest and increase to near-peak levels by 6 hours 
after reseeding, whereas the mRNA levels for the cyclin 
D and Cdk4 remain relatively constant regardless of pro- 
liferative state. Despite the decrease in the total cellular 
content of p21, the ratio of p21 that is associated with 
Cdk4 and cyclin Dl is greatly increased in the density- 
arrested cells as compared with that of rapidly proliferat- 
ing cells. Further, Rb kinase activity is very low in the 
Cdk4 immunoprecipitates from density-arrested cells 
but increases by 4 hours after release from growth arrest, 
coincident with a decrease in cyclin Dl-associated p21, 
and increases in cyclin Dl/Cdk4 complexes. 



METHODS 
Cell Culture 

The IEC-6 cells were obtained from the American 
Type Culture Collection at passage 14, and all experi- 
ments were performed on cells within 6 weeks of thawing 
frozen stocks. The cells were maintained as a monolayer 
culture in Dulbecco's modified Eagle medium (Media- 
tech, CeDgrow, Washington, DC) supplemented with 5% 
dialyzed fetal bovine serum (Gibco, BRL, Gaithersburg, 
MD). Density-dependent growth arrest was achieved by 
seeding cultured IEC-6 cells at 50% confluence in Dul- 
becco's modified Eagle medium with 5% fetal bovine se- 
rum, then allowing them to remain in culture for 9 days 
so that they were confluent for more than 6 days. Release 
from density arrest was achieved by detaching the cells 
from the culture plate and reseeding them at a 1 :4 ratio. 
The DNA synthesis was estimated by [^-thymidine in- 
corporation into trichloroacetic acid insoluble material 



as previously described." The ( 3 H>thymidine 1 nCi/mL 
was added to cells in 24-well plates 3 hours before har- 
vesting cells, and the data were expressed as disintegra- 
tions per minute per 100,000 cells. This method has been 
validated previously by determination of nuclear label- 
ing indexes in these cells. 20 

RNA Extraction and Northern Blot Analysis 

Total cellular RNA was extracted as we have described 
previously. 21 The RNA samples (20 Mg/lane) were sepa- 
rated on formaldehyde-agarose gels and blotted onto m- 
trocellulose membranes as described previously. The 
blots were hybridized 2 ' with cDNA probes labeled with 
[o- 32 P]dCTP (400 Ci/mmol, DuPont, New England 
Nuclear, Boston, MA) by the random primer extension. 
After hybridization and washes, the blots then were ex- 
posed to x-ray film at -70 C for autoradiography. The 1 8S 
rRNA signals were used as internal controls to determine 
integrity of RNA and equality of loading among lanes. 

Immunoblot Analysis and 
Immunoprecipitations 

Immunoblot analysis of IEC-6 cell protein lysates was 
done as described previously. 20 Briefly, the cells were 
lysed for 30 minutes in RIPA buffer, then clarified cell 
lysates (50 /tg/lane) were denatured and fractionated by 
SDS-PAGE. After electrophoresis, the proteins were 
transferred to nitrocellulose membrane (Micron Separa- 
tions, Inc., Westbury, MA). The filters then were probed 
withtheindicated antibodies as described previously and 
developed by the ECL chemiluminescence system (Am- 
ersnam Life Science, Inc., Arlington Heights, IL) and ex- 
posed to XAR5 film (Kodak, Rochester, NY). Quantita- 
tion was by video densitometry. 

For coimmunoprecipitation of protein complexes, 
cells were lysed by incubation at 4 C for 30 minutes m 
NP401ysisbuffer(50mMTRlS[pH7.4], 150mMNaCL 
0 5%NP40,50mMNaF, 1 mM sodium vanadate, 1 mM 
DTT, 1 mM PMSF, 25 /ig/mL aprotinin, 25 /ig/mL lcu- 
peptin, 1 mM benzamidine, 10 Ag/mL trypsin inhibitor, 
and 10 mM ^glycerophosphate). The lysates were clari- 
fied by centrifugation at 10,000 X g for 15 minutes, and 
the supernatants were precipitated for 16 hours at 4 C 
with protein A-sepharose beads precoated with saturat- 
ing amounts of the polyclonal anti-cyclin D antibody 
(Upstate Biotechnology, Inc., Lake Placid, NY) or anti- 
cdk4 antibody (Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA). After the beads were washed with NP40 lysis 
buffer four times, they were suspended in 2X Laemmlis 
buffer, boiled for 5 minutes, then separated by SDS- 
PAGE. The proteins were blotted to nitrocellulose filters 
and the blots then were probed with the indicated anfc- 
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bodies as described above for immunoblot analysis. The 
p21 antibody is of rabbit origin and was raised against 
a carboxyl terminus peptide from the mouse sequence 
(Santa Cruz Biotechnology, Inc.). 

Rb Kinase Assay 

^ The cells were dispersed into IP buffer (50 mM HEPES 
[pH 7.5], 150 mM NaCl, 1 mM EDTA; 2.5 mM EGTA; 
0.1% Tween 20; 10% glycerol; 1 mM DTP, 10 ni/raL 
leupeptin; 25 /ig/mL aprotinin; 5 /xg/mL pepstatin; 10 
mM ^-glycerophosphate; and 0.1 mM sodium vana- 
date). The cells were lysed by sonication, then the lysates 
were clarified by niicrocentrirugation for 5 minutes at 
14,000 rpm at 4 C. The protein concentrations of each 
lysate then were determined, and equivalent amounts of 
protein were subjected to kinase assay. After preclearing 
the lysates with Staphylococcus aureus (Cowan), antise- 
rum to cdk4 was added and the samples were incubated 
at 4 C for 2 hours, after which protein-A sepharose was 
added and mixed for 60 minutes at 4 C. After centrifuga- 
tion for 1 minute at 14,000 rpm, the pellets were washed 
four times in IP buffer, then twice with 50 mM HEPES 
(pH 7.5) and 1 mM DTT. The Rb kinase assay then was 
performed for 30 minutes at 30 C in Rb kinase buffer (50 
mM HEPES, pH 7.5, 1 mM NaF, 2.5 mM EGTA, 1 mM 
DTT, 10 mM 0-glycerophosphate, 0. 1 mM sodium van- 
adate, and 10 mM MgCl 2 ) with the addition of 0.1 /»B 
GST-Rb, 20 vM cold ATP, and 10 /iCi [t- k P]ATP in a 
>final volume of 30 pL. The reactions were stopped with 
the addition of 30 mL2X Laemmli buffer and then boil- 
ing for 5 minutes, then were analyzed by SDS-PAGE and 
autoradiography. The recombinant GST-Rb fusion pro- 
tein was purchased from Santa Cruz Biotechnology, Inc., 
and the Rb fusion fragment consisted of amino acids 
769-921 of the carboxyl terminal domain of the mouse 
pRb, linked to glutathione-S-transferase. 

RESULTS 

DNA Synthesis 

The DNA synthesis in IEC-6 cells, as estimated by 
[ 3 H]-thymidine incorporation (Fig. 1), was determined 
daily after the cells appeared confluent by microscopic 
inspection (3 days after plating is the same as day 1 after 
confluence). The [^thymidine incorporation was 
4302 (±220) dpm/10 3 cells at the initial detennination 
after confluence was achieved, then progressively de- 
creased to a nadir by approximately 5 days after conflu- 
ence was achieved [ 3 HJ-thymidine incorporation was 
575 (mean ±58) dpm/ 10 5 cells by day 7 after confluence. 
This decrease from day 1 to day 7 after confluence repre- 
sents a 7.5-fold decrease in [ 3 H>thymidine incorpora- 
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Figure 1. The intestinal epithefiai ceH-6 (IEC-6) cell DNA synthesis. [3HJ- 
thymidne incorporation was determined In cultured cells maintained n 

after achieving confluence and expressed as dpm/1 00.000 ceDs. Day 8 
counts were obtained 24 hours after the ceBs were split at a 1 A ratio and 
refed fresh medium. 



tion. The cells appeared microscopically normal and at- 
tached to the culture plate throughout the experiment 
The growth-arrested IEC-6 cells were then released from 
density arrest by replating in fresh medium at a density 
of 1:4. [ 3 H]-thymidine incorporation was 24,715 (mean 
± 1 193) dpm/10 5 cells 24 hours after release from den- 
sity arrest. [ 3 H]-thymidine incorporation 24 hours after 
release from density-dependent arrest was 43-fold 
greater than at day 7 of confluence, and 5.7-fold greater 
than at day 1 of confluence. These results indicate that 
the IEC-6 cells can undergo reversible density-dependent 
growth arrest, but maximal growth arrest requires pro- 
longed culture in confluent conditions. 

Cell Cycle Protein Levels 

The levels of cyclin Dl (CcnDl), Cdk4, and p21 in 
EEC-6 cells grown under identical conditions as de- 
scribed for Figure 1 were determined by immunoblot 
analysis (Fig. 2). Total cellular steady-state levels of all 
three of these proteins decreased progressively after the 
IEC-6 cells became confluent until day 5 after confluence 
(Fig. 2A). The level of CcnD 1 was decreased by 70.9% by 
day 7 after confluence as compared with day 1 , and the 
level of Cdk4 was decreased by 68.7% over the same in- 
terval The levels of these proteins were greatly increased 
(by 5.8-fold and 4.4-fold, respectively) over day 7 con- 
fluent levels by 24 hours after release from growth arrest. 
Near-maximal increases in CcnD 1 and Cdk4 levels were 
apparent by 6 hours after replating of the cells (Fig. 2B). 
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Previous experiments have shown that these cells do not 
begin to enterSphase until approximately 12 hours after 
mitogen stimulation. 22 Therefore, the maximum mduc- 
tion of cyclin Dl and Cdk4 occurs well before the G./S 
transition. This experiment indicates that the decreases 
in cyclin Dl and Cdk4 levels correlated with decreased 
[ 3 Hl-thymidine incorporation that was observed in the 
experiment depicted in Figure 1. Surprisingly, the level 
of the p2l cyclin kinase inhibitor also decreased during 
density-dependent growth arrest of the IEC-6 cells. 

Cell Cycle mRNA Levels 

The mRNA levels for CcnDl, CcnD3, and Cdk4 were 
examined from IEC-6 cells cultured under confluent 
conditions (Fig. 3). The levels of mRNA for theD cyclins 
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Figure 3. Northern blot analysis of intestinal epitriefiat <a*6 (E06) 
mRNA. Total ce&Jar RNA (20 jig/lane) was separated, blotted, and then 
hybridized with the IrxScated cONA probes. Confluence was achieved af- 
ter 3 in culture, arri days 9 and 11 represert ceils at 24 and 72 hours 

after release from density arrest The TGF-01 (120 pM) treatment was 
added on release from density arrest as inefcated (+). 



and Cdk4 remained relatively constant during density- 
dependent growth arrest, despite the obvious decreases 
in levels of cyclin Dl and Cdk4 proteins. Release from 
growth arrest resulted in increases in the levels of CcnD3 
and Cdk4 mRNAs but little change in the level of cyclin 
Dl mRNA. Interestingly, levels of TGF-01 mRNA were 
slightly increased by day 5 after confluence and were de- 
creased in cells released from density arrest. We have 
shown previously that TGF-01 is a potent inhibitor of 
[ 3 H]-thymidine incorporation in the IEC-6 cells, and this 
inhibition iscoincident with a decrease in the expression 
ofCcnDl mRNA. 20 In the present experiment, we found 
that TGF-01 treatment decreased the level of CcnDl 
mRNA, had no effect on CcnD3 mRNA, and very little 
effect on the level of Cdk4 mRNA. As was expected, 
TGF-01 treatment resulted in autoinduction of TGF-01 
mRNA. The results of the TGF-jSl treatment showed 
that these cells retained their normal responsiveness to 
physiologic growth inhibitory factors after release from 
density-dependent growth arrest 

Association of p21 With the Cyclin D/Cdk4 
Complex and Rb Kinase Activity 

To further explore the potential involvement of p2 1 in 
the density-dependent growth arrest of IEC-6 cells, the 
association of p21 with Cdk4 was examined (Fig. 4). Cefl 
lysates were obtained under conditions designed to pre- 
serve noncovalent protein::protein associations. Coim- 
munoprecipitations were done with either «CcnD anti- 
body or oCdk4 antibody, then the precipitated proteins 
were separated by SDS-PAGE, and the associated pro- 
teins were examined by immunoblot analysis. As ex- 
pected, there was an increase in the amount of Cdk4 as- 
sociated with- CcnDl in proliferating cells (lane P) that 
had been released from density arrest 24 hours pre- 
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, mrTW nor^^ 

(eg IPaCcnDI). foBowed by SDS-PAGE separation and inmmobtotnng 
of the protein complex. The antibodes used for probing the immunobtots 
are indicated on the right of the figure. 

viously, as compared with the density-arrested quiescent 
cells (lane Q). Similarly, more CcnDl was detected in 
immunoprecipitated Cdk4 complexes from proliferating 
cells. The amount of p21 found in association with Cdk4 
in the density-arrested cells was greater ( 1 70%) than that 
found in the Cdk4 complexes in cells after release from 
growth arrest This is particularly impressive when con- 
sidering the great differences in total cellular levels of 
Cdk4 when comparing density arrested to proliferating 
cells (Fig. 2A, lanes 7 and 8). The ratio of p21 to Cdk4 
was 6.4-fold greater in the density-arrested (quiescent) 
cells as compared with the rapidly proliferating cells that 
had been released from density arrest 

To more closely examine the kinetics of these protein:; 
protein associations, a similar experiment was con- 
ducted, but lysates were obtained at 0, 4, and 8 hours 
after the density-arrested cells were split and replated in 
fresh medium (Fig. 5). In the experiment shown in Fig- 
ure 5A, at intervals after release from growth arrest, the 
IEC-6 cell lysates were first immunoprecipitated with 
acyclin Dl antibody, then the immunoprecipitated pro- 
tein complexes were analyzed by immunoblotting as de- 
scribed above. As expected, low levels of cyclin Dl and 
cdk4 were found in these immunoprecipitates; however, 
there was abundant p21 associated with this relatively 
low-level cyclin Dl- There was a slight increase in the 
amounts of cyclin Dl and cyclin Dl-associated Cdk4 by 
4 hours, and these proteins were abundant by 8 hours 
after release from growth arrest The cyclin Dl-associ- 
ated p2 1 was decreased at 4 hours and was recovering by 
8 hours after release from growth arrest 
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To examine the functional significance of these 
changes in cyclin Dl/Cdk4/p2i associations, we next de- 
termined the Rb kinase activity in the IEC-6 cell lysates 
obtained from identical culture conditions (Fig. 5B). Im- 
munoprecipitation was accomplished using an aCdk4 
antibody, then the precipitated complex was assayed for 
the ability to phosphorylate recombinant pRb substrate. 
The Cdk4-dependent Rb kinase activity is low in con- 
fluent, quiescent cells, but increases maximally by 4 
hours after release from growth arrest, coincident with 
the decrease in p21 levels and rising cyclin Dl/Cdk4 as- 
sociation. 

DISCUSSION 

In the present study, we have shown that cultured IEC- 
6 undergo density-dependent growth arrest when grown 
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to confluence in complete medium containing fetal bo- 
vine serum. The nadir of [ 3 H]-thymidine incorporation 
is achieved by approximately 5 days after the cells are 
estimated to be confluent by visual inspection. We have 
observed that the cell number continues to increase for 
up to 3 days after the cells appear to be confluent, but cell 
number plateaus between 4 and 5 days after confluence 
is achieved (R.D.B. and H.M.S., unpublished observa- 
tions, 1995). This plateau would correspond with the 
cells achieving true growth arrest and with the nadir of 
[ 3 H]-thymidine incorporation. 

At the same time that the nadir of [ 3 H]-thymidine in- 
corporation was observed, immunoblot analysis showed 
that CcnD 1 and Cdk4 proteins had reached their trough 
levels. In the present study, after release from growth ar- 
rest by replating the cells at lower density in fresh me- 
dium, the [ 3 H]-thymidine incorporation increased by 
43-fold by 24 hours. This increase in [ 3 H]-thymidine in- 
corporation was preceded by near-maximal increases in 
CcnDl and Cdk4 that occurred by 6 hours after release 
from quiescence. In previous studies, 20 * 22 we have found 
that entry into S phase for the IEC-6 cells occurs ~ 12 
hours after mitogenic stimulation. Therefore, abundant 
induction of these peptides at 6 hours occurs in Gi, well 
before the G| to S phase transition. 

The D cyclins are induced during the G t phase after 
mitogenic stimulation of quiescent macrophages and fi- 
broblasts, 10 ' 23 and withdrawal of growth factor from 
macrophages results in disappearance of cyclin Dl and 
withdrawal from the cell cycle (quiescence). Abrogation 
of cyclin Dl by antisense or antibody microinjection 
prevents fibroblasts from entering S phase. 9,10 Similarly, 
we have found that TGF-01 treatment of rapidly grow- 
ing IEC-6 and RIE-1 intestinal cell cultures resulted in a 
rapid decrease in cyclin Di that preceded inhibition of 
DNA synthesis. The TGF-/J1 inhibition of cyclin Dl in- 
duction after serum stimulation of quiescent intestinal 
cells also was associated with failure to enter S phase. 20 
Taken together, the above-described findings along with 
our current observations suggest that cyclin Dl expres- 
sion is essential for cell cycle progression in cultured 
IECs and that decreases in cyclin Dl are accompanied 
by withdrawal from the cell cycle. 

The major catalytic partner for cyclin D 1 is Cdk4. 24 In 
the present study, the decrease in Cdk4 was comparable 
to the decrease in cyclin Dl during density-dependent 
growth arrest in the cultured IECs. Although there were 
clear decreases in the levels of both cyclin Dl and Cdk4 
proteins, the mRNAs encoding these proteins were 
changed very little during density-dependent growth ar- 
rest Consistent with this observation, we have observed 
previously that fasting resulted in decreased levels of 
Cdk4 protein in the jejunal mucosa of rats that recovered 
within 6 hours of refeeding, whereas there was little 
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change in the jejunal level of Cdk4 mRNA under the 
same conditions. 25 This would indicate that there- re- 
mains a pool of mRNAs encoding the G, cyclin kinase, 
but that there is repression of the protein product We 
postulate that translation of these mRNAs is prevented 
under conditions in which growth arrest is required, but 
that the available pool of mRNA allows rapid synthesis 
of these proteins after the cells receive the mitogenic sig- 
nal. 

The level of p21 decreased after cells reached conflu- 
ence and the level was increased by 24 hours after release 
from growth arrest Although total cellular p2 1 levels de- 
creased in concert with the decreases in cyclin Dl and 
Cdk4, the level achieved after release from density-de- 
pendent growth arrest was less than that observed on 
days 1 and 2 of confluence. Also, despite the decrease in 
total p2I level observed during density arrest, the 
amount of p21 associated with Cdk4 was greater in 
growth-arrested as compared with proliferating cells. It is 
particularly interesting to note that the ratio of p21 to 
Cdk4 was increased more than sixfold in density-arrested 
IEC-6 cells as compared with rapidly proliferating cells. 
The iifcreased association of p2 1 with cyclin Dl provides 
further confirmation of this observation. Harper and col- 
leagues 26 * 27 have recently shown that p2l is an inhibitor 
of cyclin/Cdk kinase activity with high affinity for all of 
cyclin-dependent kinase complexes (Cdk2, Cdk4, Cdk6, 
and probably Cdk3) that are known to have a direct role 
in the G r to S-phase transition. Furthermore, binding of 
multiple p21 molecules is required for the inhibition of 
cyclin/Cdk kinase activity, and overexpression of p2 1 is 
sufficient to cause Gi arrest, even in cells that lack func- 
tional p53, or pRb. 27 Thus, p2 1 is a stoichiometric inhib- 
itor of Gi cyclin/Cdk kinase activity, and a high ratio of 
p2l to cyclin/Cdk should prevent Rb phosphorylation 
and result in cell growth arrest as we have observed in the 
confluent IEC-6 cells. 

We conclude that IECs in culture can undergo density- 
dependent growth arrest. This process involves downreg- 
ulation of cyclin Dl and Cdk4 at the level of protein ex- 
pression, whereas the mRNA levels remain relatively 
unchanged. Further, during contact inhibition, there is 
increased p21 dpl association with the cyclin Dl/Cdk4 
complex, which contributes to the inhibition of the ki- 
nase complex. Release from growth arrest results in dis- 
sociation of p21 from the cyclin Dl/Cdk4 complex, co- 
incident with recovery of Rb kinase activity. We also 
have shown that the process of contact inhibition is re- 
versible, which may explain partly the ability of the in- 
testinal epithelium to increase proliferative activity in re- 
sponse to injury. 
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Discussion 

Dr. Wiley C. Souba (Boston, Massachusetts): Thank you, 
Dr. Thompson and Secretary Copeland. This is a complicated 
paper, but an excellent paper, and I appreciate Dr. Beauchamp 
sending me a copy ahead of time, I had to read it three times, 

I will just make a couple of comments and then ask Dan 
three questions. I think the reason the work is important is be- 
cause it has tremendous implications for the surgeon. What he 
and his group have shown is that there are three genes, cyclin 
Dl , cyclin-dependent kinase, and p2 1 gene, which play a very 
important role in regulating ceil growth and cell turnover in the 
epithelium of the boweL 

These genes are not just altered with growth arrest but are 
very likely to be changed by a variety of disease states that we 
as surgeons encounter. 

You mentioned that cyclin Dl and Cdk4 mRNA levels really 
did not change; yet, there was an increase in expression. This 
implies some regulation at the translaticmal level. 

From a more clinical standpoint, is the expression of these 
proteins altered in vivol If you starve an animal or a patient or if 
you give an animal glutamine or if yon give an animal a growth 
factor, how does the expression of these proteins change? 

I think the regulation of this may have tremendous applica- 
tions in terms of carcinogenesis in the intestine. I would be in- 
terested to know if you see this kind of regulation cellular turn- 
over in other tissues such as the endothelium or the renal epi- 
thelium. 

Thank you for the privilege of reviewing the work, and I 
thank the Association for the privilege of the floor. 

Dr. B. Mark Evers (Galveston, Texas): Thank you, Dr. 
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Thompson, Dr. Copeland, Members, and Guests. I, too, would 
like to commend Dr. Beauchamp and his colleagues for an ex- 
cellent study that examines specific cellular mechanisms in- 
volved in the growth arrest of intestinal cells. 

These studies have important and far-reaching implications 
to our better understanding of both normal gut development 
and abnormal gut growth, for example, colon cancers. Dr. 
Beauchamp's present study is a very nice extension of his on- 
going careful examination at the molecular level of the various 
cell cycle proteins that regulate growth of the normal and neo- 
plastic gut I have three questions for Dr. Beauchamp: 

First, this study has examined only one of the cyclin kinase 
inhibitors; that is, p21. Do you think that other inhibitors such 
as p27, pi 5, or p 16, may also be playing a role in this process, 
and have you analyzed some of these other inhibitors? 

Second, the retinoblastoma protein (RB) plays a critical role 
in the progression of growth and subsequent growth arrest 
Have you had the opportunity to examine the phosphorylation 
status of RB in your present model? Specifically, is there an 
accumulation of the underpbosphorylated form with growth 
arrest? 

And, finally, the 1EC-6 cell line has been described as a nor- 
mal intestinal cell line. Have you looked at colon cancer cell 
lines? Specifically, are the cell cycle mechanisms that you have 
identified as important for growth arrest of IEC-6 cells absent 
in colon cancers? 

I enjoyed this talk and the manuscript This work will pro- 
vide a good foundation for future studies to better define the 
important cellular mechanisms responsible for gut growth and 
differentiation. Thank you. 

Dr. R. Daniel Beauchamp (Closing Discussion): I would 
like to thank Dr. Souba and Dr. Even for their thoughtful com- 
ments and their questions. I will answer the questions briefly. 

Dr. Souba asked whether I can explain or discuss further the 
discrepancy between messenger RNA levels and the protein 
levels of these cydins and cyclhvdependent kinases. And as I 
said, the messenger RNA levels remained relatively stable dur- 
ing density arrest, while the protein levels were decreasing. And 
I think that points out the importance of exanaining protein 
levels and not merely relying on messenger RNA levels when 
we are trying to determine what is happening at the protein 
level The protein is the real effector. 

Why does this occur? I think that ideologically, this makes 
sense. If an organism wishes to preserve the ability to replicate 
or have cells replicate, then you have to have the substrate there 
for the cells to prod uce protein. If the substrate is not present, 
you still would like to have the message there so that these cells 
are ready to produce this protein when they are provided the 
substrate. I think that the preservation of the messenger RNA 
level provides this available message so that it can be translated 
in response to the growth stimulus. 

I think that this does point out an important level of regula- 
tion that we have not explored and one that has really not been 
carefully looked at with regard to these questions, and that is, 
translational control. You have a message there, but it is not 
being translated How does that regulation occur? And I think 
that is an important question. 



The second question was about the expression of these pro- 
teins and whether they are changed in vivo and what might be 
the real biological significance of this. I showed you one small 
piece of data in which we have done a short-term fasting in rats 
and showed that Cdk4 protein levels are dramatically decreased 
and then they recover after refeeding. Unfortunately, in these 
animals in the small intestine, using the reagents that we have 
available to us, we are not able to detect very readily the cyclin 
D 1 protein levels. We can detect the cyclin mRNA and it does 
not change much. 

We have looked at cyclin D3 under those conditions, and 
cyclin D3 does not change. So we are still investigating this 
area. With regard to the role of these proteins in carcinogenesis, 
cyclin D 1 is an oncogene, and it was first discovered as the on- 
cogene called PRAD1, associated with parathyroid adenoma. 
It is associated with B-ceU lymphoma or leukemia. Also, cyclin 
D 1 levels or cyclin Dl gene amplification occurs in a number 
of different cancers, such as esophageal carcinoma, head and 
neck carcinoma, and breast cancer. It has been looked for but 
has not been observed in colorectal cancers. Only I of 46 tumor 
lines examined had amplification of any of the cyclin D's, and 
that was cyclin D2 in colorectal cancer. 

But we have some preliminary data which suggest that in- 
creasy in cyclin Dl expression occurs at a very early stage in 
carcinogenesis, and we have done a study on mice with a famil- 
ial polyposis, the same gene defect that patients have with fa- 
milial polyposis. We see that in the polyps in these mice that 
there is an increase in cyclin Dl expression in the polyps as 
compared with the grossly normal mucosa adjacent to the pol- 
yps. And we have also seen in human samples with familial 
polyposis that there is an increase in cyclin Dl protein in the 
polyp as compared with the grossly normal mucosa adjacent to 
the polyps. So I think that that points out some of the biological 
relevance of these studies. 

Now with regard to the cyclin kinase inhibitors, the pi6 is an 
inhibitor that is probably the most frequently associated with 
malignancies, and pl6 deletions have been observed in a num- 
ber of different cancers, and probably most prominently, mel- 
anoma, Therefore, loss of these inhibitors may lead probably to 
carcinoma. 

Dr. Evera asked about these other inhibitors in our cell line. 
Our cells, interestingly enough, do not seem to express pi 5 or 
p!6. And we are not sure if that is the result of cells being in 
culture or whether that actually occurs in vivo. But we are in- 
vestigating this. . . 

p27 probably behaves similarly, at least in our preliminary 
experiments, to p21. And we have not done the extensive 
amount of experiments that we have done with p21. 

Regarding the retinoblastoma (RB) phosphorylation status 
in our cells, we have not done as extensive a study as I have 
shown you here, but RB phosphorylation is decreased hi quies- 
cent cells. RB phosphorylation is increased in the cells when 
they are proliferating. We have not done the full time course 
that we showed you in these experiments, but that work is on- 
going. 

I think I have already addressed the last question that Dr.. 
Even asked about the role of some of these cyclin kinases in 
colorectal cancers. 

Thank you. 
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ACCESSION U12818 
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KEYWORDS 
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61 gctgcggaga gggggagagc aggcagcggg cggcggggag cagcatggag ccggcggcgg 

121 ggagcagcat ggagccttcg gctgactggc tggccacggc cgcggcccgg ggtcgggtag 

181 aggaggtgcg ggcgctgctg gaggcggggg cgctgcccaa cgcaccgaat agttacggtc 
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/product= " pi 6 - INK4 " 
/note="CDKN2 " 

join (U12818. 1:129. .254, U12819. 1:151. .457,274. .287) 
/gene= n pl6" 

/function= n cell cycle regulator, tumor suppressor, CDK4 
inhibitor" 

/note="CDKN2; MTS1; similar to PIR Accession Number 
S39359" 

/codon_start=l 
/produc t = " pi 6 - INK4 w 
/protein id= " AAB60645 . 1 " 
/ db_x r e f = " G I : 5 3 3 7 2 8 " 

/ translation= "MEPSADWLATAAARGRVEEVRALLEAGALPNAPNSYGRRPIQVM 
MMGSARVAELLLLHGAEPNCADPATLTRPVHDAAREGFLDTLWLHRAGARLDVRDAW 
GRL P VDL AEELGHRD VAR YLRAAAGGTRG SNH AR I D AAEGP SD I PD " 
274. .>422 
/gene="pl6" 
/note="CDKN2 n 
/number=3 
288. .>422 
/gene= n pl6 
a 118 c 



123 g 



BASE COUNT 
ORIGIN 

1 ccccggtcgc gctttctctg ccctccgccc 
61 gcgcctggag cagccaggcg ggcagtggac 
121 cggtggcggc gggtacatgc acgtgaagcc 
181 atgccggtag ggacggcaag agaggagggc 
241 ttctaacgcc tgttttcttt ctgccctctg 
301 gctctgagaa acctcgggaa acttagatca 
361 ctgcccccgc cacaacccac cccgctttcg 
421 aa 

// 



88 t 

gggtggacct 
tagctgctgg 
attgcgagaa 
gggatgtgcc 
cagacatccc 
tcagtcaccg 
tagttttcat 



ggagcgcttg 
accagggagg 
ctttatccat 
acacatcttt 
cgattgaaag 
aaggtcctac 
ttagaaaata 



agcggtcggc 
tgtgggagag 
aagtatttca 
gacctcaggt 
aaccagagag 
agggccacaa 
gagcttttaa 
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Nucleotide sequence of cloned cDNA of human c-myc oncogene. 
Watt R, Stanton LW, Marcu KB, Gallo RC, Croce CM, Rovera G. 

Like other transforming genes of retroviruses, the v-myc gene of the avian 
virus, MC29, has a homologue in the genome of normal eukaryotic cells. 
The human cellular homologue, c-myc, located on human chromosome 8, 
region q24 leads to qter (refs 1, 2), is translocated into the immunoglobulin 
heavy-chain locus on human chromosome 14 (ref. 3) in Burkitt's lymphoma, 
suggesting that c-myc has a primary role in transformation of some human 
haematopoietic cells. In addition, c-myc is amplified in the human 
promyelocytic leukaemia cell line, HL60 (refs 6, 7) which also contains high 
levels of c-myc mRNA. Recently, Colby et al. reported the nucleotide 
sequence of the human c-myc DNA isolated from a genomic recombinant 
DNA library derived from human fetal liver. This 4,053-base pair (bp) 
sequence includes two exons and one intron of the myc gene, and the 
authors have suggested the existence of a human c-myc mRNA of 2,291 
nucleotides that has a coding capacity for a protein of molecular weight 
(Mr) 48,812. We have approached the problem of accurately defining the 
characteristics of the human c-myc mRNA and c-myc protein by 
determining the sequence of the c-myc cDNA isolated from a cDNA library 
prepared from mRNA of a clone of the K562 human leukaemic cell line. 
K562 cells are known to contain c-myc mRNA which is similar in size to 
the c-myc mRNA of other human cell types. We report here the sequence of 
2,121 nucleotides of a human c-myc mRNA and demonstrate that its 5' 
noncoding sequence does not correspond to the sequence of the reported 
genomic human sequence. However, our data confirm that the intact human 
c-myc mRNA can encode a 48,812-Mr protein with a sequence identical to 
that reported by Colby et al. 

PMID: 6304538* [PubMed - indexed for MEDLINE] 
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